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NOTICE

The Environmental Research Laboratories do not approve,
recommend, or endorse any proprietary product or proprietary
material mentioned in this publication. No reference shall
be made to the Environmental Research Laboratories or to this
publication furnished by the Environmental Research Labora-
tories in any advertising or sales promotion which would in-
dicate or imply that the Environmental Research Laboratories
approve, recommend, or endorse any proprietary product or
proprietary material mentioned herein, or which has as its
purpose an intent to cause directly or indirectly the adver-
~ tised product to be used or purchased because of this Envi-
ronmental Research Laboratories publication.,
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This report is dedicated to the men and women of the Marine
Minerals Technology Center, a NOAA laboratory closed in 1973. The
New England Offshore Mining Environmental Study (NOMES) was initi-
ated as a result of the Center's interest in the environmental

effects of marine mining. - In a way, this report is a legacy of
MMTC. '
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PREFACE

Principal investigator reports to NORA are listed in Sections 6 and 7.
In some cases the reports have been published and so only summaries are in-
cluded here. Any errors in the integration and synthesis of the researchers'
findings rest solely with the author of this report. Following are the
principal investigators, with reference to sections of this report in paren-

theses: )
Biological Oceanography:

Dr. Larry G. Harris and Dr. Arthur C. Mathieson,
U. of New Hampshire (Benthos)

Dr. Hugh F. Mulligan, U. of New Hampshire
(Phytoplankton) '

Dr. Richard K. Peddicord, U. of California
(Turbidity experiments)

Geological Oceanography:

Dr. Clarence L. Grant, U. of New Hampshire
Mr. Loren W. Setlow, Commonwealth of Massachusetts

Chemical Oceanography:

Dr. Arthur I. Ippen and Dr. Erik L. Mollo-Christensen,
Massachusetts Institute of Technology

Physical Oceancgraphy:

Dr. Arthur I. Ippen and Dr. Erik L. Mollo-Christensen,
Massachusetts Institute of Technology :

Dr. Hugh F. Mulligan, University of New Hampshire

vii



SUMMARY

, The New England Offshore Mining Environmental Study (Project NOMES) was
begun in 1972 in order to resolve the marine environmental impact uncertain-
ties that had inspired at many levels of govermment legal and de facto mora-
toriums on marine mining. It was a joint study sponsored by the Commonwealth
-of Massachusetts and the National Oceanic and Atmospheric Administration.
Plans had called for a l-year study of baseline conditions at a sand and
gravel deposit centered in Massachusetts Bay at 40°21'41" N., 70°47'10" W.,
followed by a period of well-monitored commercial-scale mining. Two years of
post-experiment monitoring were planned to document mining-induced changes in
the seafloor and water column as well as thelr subsequent alteration by
-natural processes.

~ The project was terminated in July 1973 as a result of the failure of
the Commonwealth to arrange for a suitable site for the disposal of the
three-quarters of a million cubic meters of sand and gravel to be mined
during the planned spring 1974 test. .Nevertheless, all principal investi-
gators were funded through a project wrap-up phase, and two were funded long
enough' to permit them to study baseline conditions in two important aspects
of marine life (i.e., benthos, phytoplankton) for a full year.

The purpose of this report is to consolidate and present the findings in
such a manner that the NOMES experience can be considered an informational
and procedural point of departure for studies preceding the next continental
sand and gravel venture, whether it be an experiment or a commercial mining
operation. Studies are reported in four areas of oceanography: biological
(benthos, phytoplankton, turbidity experiments), geological (bathymetry,
stratigraphy, core samples), chemical (nutrients, suspended solids), and
physical (temperature and salinity, currents and dispersion, and light pene-
tration).

Over 650 species of benthic invertebrates were Eampled by scuba diving
at a number of stations arranged in a grid pattern around the test site. The
most important result of this part of the project was the documentation of
the natural variability in the system. The existence of month-to-month var-
iation at each station was the most consistent finding. From month to month
there was up to 100% variation in the number of species at a station. 1In
fact, the species numerically dominant one month frequently were absent from
collections in the next month. The species tended to change with substrate
type. This is a heterogeneous enviromment and only a minority of the species
appeared to be specialists for substrate type. - Indicator species, if it is
possible to use them in the future, will most likely have to be selected for
each station and not from general substrate types. In a future study of
of fshore sand.and gravel mining, benthic community studies should utilize
permanent stations, as was done in NOMES, but the ‘sampling 'scheme should be
altered. A limited number (two to four) of stations should be sampled in-
tensively on a quarterly schedule. Fifteen to twenty replicate samples
should be taken at each station every three months and analyzed separately so
that aggregated distributions can be identified. This may provide a more
realistic picture of community organlzatlon and dynamics than monthly samp-
llng with. fewer repllcates would.
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Phytoplankton also were sampled on a grid around the test site and co-
ordinated with measurements of salinity, temperature, and light penetration
as well as samples taken at the same time for water chemistry determinations.
Analyses of species composition and distribution and abundance of phytoplank-
ton populations revealed considerably more variability from station-to-
station analyses than from diurnal analyses at a single station. These
station-to-station analyses allowed an interpretation of phytoplankton devel- -
opmental trends. For example, inshore to offshore trends in the seasonal
development of phytoplankton populaticns were documented. The proposed test
site appeared to be located at the center of a 1arge gyre. It was observed
that the l6-station (36 square mile) grid could be separated into two rea-
sonably discrete regions, by a line drawn through the center of the grid
along a northeast to southwest axis, separating coastal phytoplankton popula-
tions from oceanic populations. (Largest phytoplankton populations and
highest primary productivity levels occurred within the -southwesterly portion
of the grid.) Most of these trends would have been missed had the sampling
proceeded at a single station over a 12-hr tidal cycle or along single tran-
sects drawn perpendicular. to the shore. The grid design provided the best
indication of plankton dynamics in this portion of Massachusetts Bay and is
highly recommended for a future study of offshore sand and gravel mining.

Turbidity experiments were conducted at the unique aguarium complex at
the University of California's Bodega Marine Laboratory in Bodega Bay, Cali-
fornia. It was hoped that studies of organisms ‘analagous to those in' Massa-
chusetts Bay would reveal the reasonableness of extrapolating findings of
such studies. Experiments with varying levels of suspended sediment were
conducted on both marine and estuarine organisms. Initial tests were con-
ducted with suspended particles of kaolin, a "pure" clay; sensitive species
were then exposed to bentonite, an "impure" clay more representative of San
Francisco Bay sediments. Most exposure tests were conducted for 10 days.
Mortality was analyzed every 8 hr and LC50, 20, 10 estimates made. From that
information, time-concentration curves were developed. One of the most
significant findings was that tolerance to suspended bentonite seemed to be
correlated with normal habitat of the organisms. No species living primarily
in close. association with mud bottoms was found to be sensitive. All sensi-
tive test species were either invertebrates occurring predominantly on sandy
bottoms or in fouling communities, or fish not intimately associated with the
bottom.

- Bathymetric measurements revealed an. irregular bottom topography with
NNW.-trending ridges interspersed with depressions. The shape of the sea-
floor is characteristic of an area that has experienced glacial activity.

Subbottom profiling supplemented by core drilling revealed the existence
of a deposit containing over 5 million cubic meters of sand and gravel. This
deposit appears to be a gradational feature resting on a marine clay that is
underlain by glac1a1 till.

Core sampies were, found to consist of 25 to 30% plagioclase and ortho-
clase, 20 to 30% quartz, 15 to 20% hornblende, 5 to 10% biotite and musco-
vite, minor amounts of a variety of other minerals, and about 5% shell frag-
ments and Foraminifera tests. Analyses for sulfides, phosphorous, mercury,



trace metals, and other potential pollutants showed that the planned mining
test itself was not likely to cause an envirommental impact (i.e., the de-
posit- was declared "clean"). :

As noted above, sampling for chemical oceanographic determinations was
performed at the same time and in the same grid as phytoplankton sampling.
The -higher concentrations of N-NO3, P-PO,, and suspended sediments were found
closer to shore. Normal spring blooms can most clearly be seen in the ni-
trate plots since nitrogen seemed to be the limiting growth factor. Nitro-
gen-nitrate reached a peak concentration in winter and then dropped to' unde-
tectable levels coincident with the development of the phytoplankton. This
observation leads to-the suggestion that nitrogen is a limiting nutrient.
(However, since no analyses were attempted for N-NH,, one cannot conclude
that nitrogen was a limiting element.) Phosphate-phosphorus appeared to be
present in excess even during the bloom. The nutrient concentrations that
normally occur are increased by sewage effluent discharges to Boston .Harbor.

The main reason for the study of the physical oceanographic character-
istics of the area was the need to relate water mass movements to phytoplank—
ton and water chemlstry sampllng.

The chief topographic feature affectlng the physical oceanographlc
character of the test area is Stellwagen Bank, a submarine ridge that rises
to within 20 m of the ocean surface on the east side of Massachusetts Bay
between Cape Ann to the north and Cape Cod to the south. This ridge blocks
the free exchange of water at depth between the bay and the Gulf of ‘Maine.

Historically, the whole water column is: thoroughly mixed in the w1nter,
but a weak vertical temperature gradient starts to appear in late March as
the surface begins to warm. In 1973, maximum surface temperature was reached
in August at which time the thermocline strengthened between 5 and 15 m. By
early November the water column had returned to an isothermal state. “

In 1973 the salinity at the surface ranged between 30 and 33°/,,, with
the minimum in May and a maximum in March. In general, the surface ischalines
trend north and south with salinity increasing offshore. The mean bottom
salinity ranges from 31.6 to 32.5°/,,. The minimum salinity is observed at
all depths in May as a result of the spring runoff. <¢~mperature/salinity
data show that the warming cycle which commences in March continues to August
at the surface and to October at the ‘bottom, when it begins to chill back to
the February condition. Salinity is at maximum during the coldest period,
freshens throughout the water column to a minimum in May in response to

runoff and gradually (through mixing and advection) returns to the winter
maximum.

A drogue and dye survey in 1972 showed that non-tidal currents in the
area of the test site were to the south in the initial stages of both flood
and ebb tides. For the flood tide the 1.5-m (depth) drogues traveled in a
southeast direction with an average velocity of 27 m/s while the 9-m drogues
traveled in a southwest direction with an average velocity of 1l m/s. For
the ebb tide both sets of drogues started out at an almost due south heading
until the 1.5-m drogues shifted to a westerly and then a northwesterly
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heading. At the same time the 9-m drogues shifted to an easterly and then a
northeasterly heading. The dominant southward component of the movement was
an unexpected result of this survey at the time. The average dispersal rate
was 10 m%/s for the ebb tide and 3.4 m2/s for the flood tide.

A test particle dispersion study was conducted in 1973, 1 year prior to
the planned experimental dredging, in order to develop a technique to predict
where a dredge discharge silt plume might travel in response to prevailing
currents and winds. In brief, 2700 kg of small (0.5 < d < 50 ym) particles
were released to the water surface at the mine site, and their movement was
tracked for 10 days. Also, oceanographic data were collected by drogues and
moored current meters, ‘and a dispersion model was formulated. The observed
dispersion of the plume was toward Boston Harbor, eastward toward Stellwagen
Bank, and then southward along the coast into Cape Cod Bay where a counter-
clockwise gyre was suggested. Although the particles may not have behaved
exactly as a real dredge plume, they were a more reasonable indicator of
dredge plume dispersal and behavior than dissolved traces, which do not
exhibit the sedimentary characteristics of particles. The dispersion of the
particles was governed by the tidal cycle at time of introduction, the sea-
sonal structure of the water column, and the effect of a storm that mixed the
upper waters to a depth of 30 m. The particles were found to concentrate at
or above the base of the thermocline.  The barrier or retardant to settling
may have caused greater lateral dispersion in the upper water layer than
might have occurred in winter. The dispersal rate appeared to be 30 mz/s.

Light penetration measurements showed that maximum penetration occurred
during winter, and minimum in late March because of spring runoff and phyto-

plankton development.
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RECOMMENDATIONS

Without adequate planning, the natural resource supply problems one can
foresee are going to become more and more common. With respect to the sub-
ject of this report, it seems sensible for State and Federal planners to con-
sider the mining of continental shelf sand and gravel deposits where indus-
trial interest exists. The envirommental question should be expanded to
include the entire spectrum of issues facing coastal zone managers. Candi-
date test sites should be selected from areas where favorable marine geology
and industrial interest coincide with interest on the part of coastal zone
planners. Whether the resource lies in State waters or on the Outer Contin-
ental Shelf, local citizens should be included early in the planning process
because the resource is going to be delivered to the coastal zone for pro-
cessing and marketing. Some sort of impact is inevitable.

_ Oon the technical front a better method has to be developed to describe
and compare benthic communities. If benthic effects constitute the heart of
this mining uncertainty, one must learn how to distinguish changes due to
mining from those due to the extreme variability inherent in the coastal
marine environment. Until this can be accomplished, there seems little point
in embarking on another multi-year study.

In addition, laboratory studies of the effects of turbidity on marine .
organisms should be continued. This work should be broadened to include
nonphysiological responses, such as organisms' avoidance of a turbidity
plume. Although not as important in the total scheme of things as the ben-
thic community research, it may be extremely relevant to local commercial
fishermen.

Once a site has been agreed upon, a 2-year period should be devoted to
‘premining studies--at least the first time. The first year should be devoted
to the development of sound sampling and test procedures for coordinated use
the second year. The main focus of the baseline studies should be the long-
term effects of a change in substrate characteristics caused by the blanket
of fines. The studies in France (Cressard, 1975), although modest in scope,
would probably provide some results applicable to the United States and
should be evaluated as soon as possible.

While not essential, it would be economical in the long term if labora-
tory turbidity studies were conducted both on-site and elsewhere, in order to
learn if organism reactions are analagous and therefore usable for predicting
consequences of mining in new areas.

The mining test should be at a commercial scale and should continue for
at least 1 year. Too brief a period of mining will not convince skeptics of
the reasonableness of the extrapolation of findings to long-term mining
‘through other seasons.

Although the period of mining must be well-monitored, the post-mining
environment can be examined less frequently but should continue for at least
2 years.



In brief, the next continental shelf sand and gravel mining test prob-
ably should involve a commercial operation. It should be preceded by 2 to 3
years of involvement on the part of local planners and concerned citizens, 2
years of which should include sciEnﬁific fieldwork. Prior to the initiation
of a quest for a candidate site, a technigue should be developed ‘to more
effectively study benthic communities. Toward that end the French experiment
(Cressard, 1975) should be evaluated immediately.

1
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NEW ENGLAND OFFSHORE MINING ENVIRONMENTAL STUDY

(PROJECT NOMES)
John W. Padan

Abstract. Findings of a study, established to investigate the
potential hazard to the environment of offshore sand and gravel
mining but prematurely terminated, are presented as a baseline for
further studies. The original plan is fully outlined. It includes
determination of the kinds of environmental impacts likely to re-
sult from hydraulic dredging; a research strategy to measure such
impacts; and specific investigations to implement that strategy in
four oceanographic aspects--biological (benthos, phytoplankton,
turbidity experiments), geological (bathymetry, stratigraphy, core
sampleg), chemical (nutrients, suspended solids), and physical
(temperature and salinity, currents and dispersion, and light
penetration). Detailed flndlngs of completed studies are pres-
ented. A summary and recommendations .appear as a foreword. Appen-
dices provide a description of the complete _process of offshore
mining, from exploration to transportation to market; lists of
Project NOMES AdV1sory Committees; and baseline data regardlng
benthic communities.

1. INTRODUCTION

Not untll the early 1970's did it become clear that the twin pressures
of expandlng world population and an omnipresent desire for an ever higher
standard of living would really result in a natural resources supply problem.
With respect to minerals, man has always been able to discover and utilize
larger and larger ore bodies of lower and lower quality. The recent substan-
tial-rise in the cost of energy, coupled with environmental constraints at
home and political uncertainty in certain foreign sources of supply, are
causing a reassessment of the traditional philosophy, "There is no shortage
of mineral resources 1n sight."

The solution to the supply problem requires several parallel investiga-
tions. One of them involves broadening the mineral resource base by utiliz-
ing new types of mineral deposit exploratlon targets. The ocean floor offers
one such target.

Although industry can be counted on to discover and utilize marine min-
erals, the Federal Govermment has a role to insure that new technology does
not harm the marine environment in a significant way. Efforts to determine
some of the effects are the subject of this report.
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Specifically, continental shelf sand-and-gravel has been identified as
one mineral commodity of substantial potential. The New England Offshore
" Mining Environmental Study (NOMES) was established in order to understand
that aspect of marine sand and gravel mining which poses the most immediate,
if not the greatest potential hazard to the enviromment--the hydraulic dredg-
-ing operation itself.

Through NOMES we expected to understand the nature of the—dredging-im=_
pact (how it occurs, factors determining its extent and influence), to develop
techniques to predict the probable localized effect of proposed dredging
operations, and to develop environmental guidelines for government use in
establishing operating regulations.

Plans called for a l-year period of field studies in the vicinity of a
potentially commercial deposit of sand and gravel in Massachusetts Bay (fig.
1), 16 km east of the Boston Harbor entrance, 2.8 km west -of the Boston

" Lightship, and 8.9 km northeast of the northern end of Nantasket Beach,
closest point to the mainland. This was to have been followed by a short
period of heavily monitored commercial-scale mining, as an experimental field
test to verify environmental impact predictions with data from an irregularly
oblong area approximately 1.5 km long and 0.6 km wide trending N. 20° w. and
centered at 42°20'41" N., 70°47'10" W. Two years of post-experiment monitor-
ing were planned, to discover how mining-induced changes in the seafloor and
water column are altered by natural processes.

Figure 1. Test site in Massa-
chusetts Bay.




Project NOMES was canceled in July 1973 as a result of the failure of
the Commonwealth of Massachusetts (NOAA's partner in this intrastate-waters
project) to arrange for the satisfactory disposal of the three-quarters of a
million cubic meters of marine aggregate to be mined during the planned 1974
test. Nevertheless, all principal investigators were funded through a pro-
ject wrap-up phase, and two were funded long enough to permit them to study
baseline conditions in two important aspects of marine life (i.e., benthos,
phytoplankton) for a full year. Some final reports were received by NOAA as
late as 1976. '

The main purpose of this report is to document baseline findings so that
the next time a continental shelf sand and gravel mining operation is contem-
plated, further studies will build on NOMES' experience. Summaries of all
principal investigators' final reports are included, as are references to
other publications that resulted from the project.

2. BACKGROUND LEADING TO PROJECT NOMES

Sand and gravel, utilized primarily in construction work, but also for
the restoration of storm-damaged beaches and for waterfront fill, appear to
be the main potential products of continental shelf mining. At present, how-
ever, except for a few relatively small operations in bays, tidal rivers,
estuaries, and large lakes, most United States sand and gravel aggregate
comes from land-based operations. The annual nationwide production is ap-
proximately 700 million metric tons. By the year 2000, projections show the
probable annual demand to be 3 to 4 billion metric tons (Cooper, 1970). Al-
though inland resources are virtually limitless, there is an imbalance
between the distribution of the resources and the markets. Transportation
plays an important part in the economics of production; truck transportation
for as few as 40 km can double the cost to the consumer. The problems of
land production are not limited solely to resource availability and econo-
mics. Urban sprawl, zoning laws, and environmental constraints have limited
the use of many sand and gravel deposits.

Where metropolitan areas, navigable waters, and favorable marine geology
occur in juxtaposition, the continental shelf offers potential for adding to
the nation's sand and gravel resource base. This has occurred in Europe,
where eight nations annually mine more than 36 million metric tons of sand
and gravel from the North and Baltic Seas. The United Kingdom supplies 16%
of its need for construction aggregate from offshore. Similarly, Japan mines
over 55 million metric tons of sand annually, or 19% of its total needs.

Favorable areas for sand and gravel mining off the United States coast
are shown in figure 2. The specific market areas of interest include Boston,
New York, Washington, D.C., Norfolk, southeastern Florida, Los Angeles, and
San Francisco.

Uncertainty regarding the environmental impact of offshore mining has
been a major factor in preventing large-scale sand and gravel mining in ‘the
United States, inspiring legal and de facto moratoriums at many levels of
government.
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Figure 2. Promising locations for continental shelf sand
and gravel mining. (Source: Bureau of Land Management,
Draft Environmental Statement, Proposed Outer Continental
Shelf Hard Mineral Mining Operation and Leasing Regqulations.)

A survey by Battelle Memorial Institute (1971) for NOAA indicated that
most environmental research on the effects of dredging has been concentrated
in fresh and brackish water. The effect of silt=--from channel dredging and
onshore placer mining--is one of considerable damage to fish and aquatic
vegetation., For several reasons, most past research cannot be directly
extrapolated offshore. Organisms in the ocean differ from those in estuar-
ies, lakes, and rivers; sediments are not comparable in composition and
organic content; tides and currents affect circulation to different degrees;
and marine mining, as a continuous operation, may create more than a brief
temporary change in the environment.

NOAA has undertaken extensive studies of the sand and gravel mining
industry in the United Kingdom (Hess, 1971). Research in the United Kingdom
has centered primarily on the relationship between offshore mining and beach
erosion; therefore, few factual data exist on which to evaluate the ecologi-
cal impact of mining operations. )

In the interest of resolving the ecological questions surrounding off-
shore sand and gravel mining, studies were initiated in Massachusetts Bay by
NORA's Office of Sea Grant and by the Commonwealth of Massachusetts. These
were conducted initially by the Raytheon Company, the University of New
Hampshire, and the Massachusetts Institute of Technology. Subsequently,
additional research capabilities of the NOAA Environmental Research Labora-
tories as well as those of other Federal agencies and academic institutions
were brought to bear on the problem.



Project NOMES drew support and/or advice from the following organiza-
tions:

Federal:

Department of Commerce, NOAA

Environmental Research Laboratories

National Marine Fisheries Service

National Ocean Survey

Office of Sea Grant

Environmental Data Service

Coastal Zone Management Task Force
Department of the Interior '

Bureau of Land Management

U.S. Geological Survey

Bureau of Sport Fisheries and Wildlife
U.S. Coast Guard
Corps of Engineers

Office of the Chief of Engineers

U.S. Army Engineer Division, New England

Waterways Experiment Station

Coastal Engineering Research Center
Environmental Protection Agency

'Office of Water Programs

Office of Research and Monitoring

State:
Commonwealth of Massachusetts, Department of Natural Resources
Division of Marine Fisheries

Division of Mineral Resources

Universities and Research Institutions:

Marine Biological Laboratories, Woods Hole
Massachusetts Institute of Technology
Northeastern University -

University of California

University of Maryland

University of Massachusetts

University of New Hampshire

University of Rhode Island

Woods Hole Oceanographic Institution

Industry:

Construction Aggregates Corporation
National Sand and Gravel Association
Raytheon Company



Foreign Governments:

National Environmental Research Council, United Kingdom National
Research Institute for Pollution and Resources, Japan

Advisory committees were established in order to gain technical over=-
sight and to insure a consideration of local concerns. Committee membership
is listed in Appendix A.

3. TECHNICAL PLAN

Many planned investigations were not carried out because of the early
termination of the project. However, several studies were funded through
completion and form the basis for this report. 1In addition, an overview of
all planned research is presented to assist planners when continental shelf
sand and gravel mining is proposed in the future.

3.1 Possible Environmental Impacts

Determining the direct and indirect environmental effects of marine sand
and gravel hydraulic mining was the principal objective of the study. The
main mining systems of concern were the two types of suction dredging used in
Europe: anchor dredging and trailer dredging (fig. 3). The suction hopper
dredge ranges in size from about 900 to 9000 metric tons. One or more high-
head centrifugal pumps are used to dredge a slurry of solids from the sea-
floor through suction pipe(s). Dredging by suction is commonplace to about
37 m below the water surface; below that, jet assistance is utilized.

Although the effects of the NOMES operation could not be predicted with
certainty, several sources of potential impact inherent in the proposed min-
ing operation were identified (Padan, 1972). A multi-order evaluation of the
planned operation is shown in Table 1. Each of the first-order effects
(e.g., excavation) is examined and translated into successive orders until it
is clear that a given effect is beneficial (+), deleterious (-), or either (+
or -), depending on the specific situation., Table 1 is not meant to be a
comprehensive technologic assessment of all the consequences of this type of
mining; rather, it is a framework to aid the reader in understanding the
relative merits of the NOMES investigations. The following subsections dis-
cuss each effect in general, and then treat the NOMES case where possible.

3.1.1 Excavation

The act of obtaining the resource has obvious beneficial aspects in that
it broadens the market area's resource base, which in turn helps to hold down
construction costs. At the same time pressures on the onshore environment
tend to be reduced--in that some portion of the market's construction aggre-
gate is transported by ocean barge rather than by the usual convoy of trucks.
Ideally, the potential deleterious effects should be balanced against gains
of this sort. BAn overview of the entire mining cycle is offered in



Table I.

Evaluation of Possible Effects of Marine Sand and Gravel

Hydraulic Mining

Beneficial (+)

1lst Order 2nd Order 3rd Order 4th Order or
Deleterious (-}
Excavation Obtain sand Broaden resource base Hold deown construction -
and gravel in market area costs
Reduce pressures to Prevent accelerated +
expand onshore sources | deterioration of
of supply onshore environment
Prevent increase in +
truck traffic
Change Leave mined-out area Cause formation of -
bathymetry pock-marked with pits stagnant water in pits
Alter beach profile Cause beach slump -
Alter wave refraction Cause coastal erosion -
pattern
Alter littoral sand
budget
Change migration Harm fishery i -
patterns
Expose boulders Snag bottom trawls, Increase fishing -
ete. expense
Provide hiding areas Improve fishing +
for organisms
Provide attachment Increase food supply f +
surfaces for organisms i
Remove Destroy benthos Harm fishery -
Substrate e
Destroy spawning Inhibit -
ground repopulation
Penetrate fresh Cause discharge of Lower onshore water -
water aquifer - fresh water table
Cause saltwater -
encroachment
Discharge Discharge fine Directly affect marine | Introduce pollutants -
plume sediments at organisms, including
surface juveniles and larvae Harm filtering -
: structures
Harm respiratory -
surfaces
Decrease feeding -
efficiency
Reduce light level Reduce photosynthetic -
in water column production
Increase surface area Reduce 0o level -
for bacteria X :
Create turbidity Effect unpleasant -
appearance
1 Discharge Introduce heavy metals Harm marine organisms -
bottom water
at surface Introduce nutrients Encourage plant growth + or -
Blanket Smother benthos Harm fishery -
i
of fines Tahibit
recruitment
Smother algae Reduce food supply -
Change Interfere with feeding | Reduce population -
character of and/or alter migration
substrate Interfere with patterns
locomotion
_ “Foul respiratory
surfaces
Reduce likelihood of
larval setting or
metamorphosis
Recruit new +or -
communities
Smother Cause soil to Redistribute soil -
vegetation destabilize where not wanted
Smother coral Lose habitat -

Deposit in
unwanted areas

Fill navigation
channels

Alter coastline
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Figure 3. Schematic representation of the two main
types of suction dredging on the European shelf.
(Source: International Council for the Explora—-
tion of the Sea, 1975.)

Appendix B. This report deals only with the excavation stage of the cycle.
Details of the full cycle are given by Hess (1971) and the National Research

Council (1975).

Initially, excavations in the seafloor are created either in the form of
pits or trenches. The planned NOMES operation would have removed sediments
hydraulically from one site at a time to produce numerous craters averaging 4
to 5 m in depth. An area of approximately 25 hectares would have been pock-
marked in this fashion. Such pits created in the European industry are found
not to refill with sediment and frequently develop stagnant water (Hess,
1971).



If close enough to shore, mining could alter the beach profile and cause
a drastically slumped beach as has happened in England (R. L. Cloet, Natural
Environment Research Council, Taunton, England, perscnal communication). The
NOMES site was far enough from shore to preclude this problem.

The altered bathymetry could change the wave refraction pattern and/or:
the littoral sand budget. In this case, on the basis of coastal erosion
research conducted by its Coastal Engineering Research Center, the U.S. Army
Corps of Engineers advised that the planned excavation at the selected site
threatened no physical environmental damage to the coastline.

The altered bathymetry could conceivably change migration patterns of
some species of marine life.

The heavily cratered seabed may expose boulders that snag bottom trawls,
seines, long lines, or scallop dredges (International Council for the Explor-
ation of the Sea, 1975). The same boulders, however, create hiding areas for
some species--such as lobster--and provide attachment surfaces for others.

The process of excavation would destroy the benthos as well as any
spawning grounds in the immediate area of mining.

It is conceivable that the excavation of craters could result in the
penetration of fresh water aguifers important to onshore users. This would
result in a release of fresh water to the marine environment, and a lowering
of the water table onshore. This could cause saltwater encroachment, thereby
contaminating onshore water wells.

3.1.2 Discharge Plume

During hydraulic mining, large amounts of silt are released in the over-
flow from the dredge. For each cubic meter of sand and gravel extracted,
approximately 10 m3 of bottom also would have been withdrawn during the
planned operation. During each of the 60 planned 2-hr mining cycles, ap-
proximately 370 m3 of fine material would have been discharged from the
dredge. The plume\formed by this discharge would have been heaviest in the
immediate vicinity of the dredge.

Assuming that mining would not be permitted at a sand and gravel deposit
overlain by polluted sediments, the main concern then becomes the impact of
the "clean" plume on marine organisms about which little is known, even
though extensive literature exists pertaining to the response of estuarine
organisms to high levels of suspended materials (e.g., Sherk and Cronin,
1970).

" Evidence of the effects of suspended sediments on estuarine organisms
has often been applied to organisms of clearer ocean waters. However, such
an application is probably not justified. Ocean organisms in most cases have
evolved in response to an enviromment different from that of the estuaries
and have developed the highly efficient filtering mechanisms necessary for
removal of particles from a rather sparse nutritive suspension. Introduction



of unnaturally high levels of suspended materials can result in direct inter-
ference with the function of the filtering structure. Respiratory surfaces
are also more sensitive to the higher levels of sediments.

Preliminary observations on the eastern lobster, Homarus americanus,
indicate that this organism as an adult possesses high tolerance to silta-
tion, at least of an acute nature (S. B. Saila, Grad. School of Oceanogr.,
U. of Rhode Island, personal communication; Saila et al., 1968). 1Its pres-
ence in embayments, with background levels of suspended solid material far
above those found in cleaner coastal waters--generally believed to represent
a more "typical" lobster habitat--demonstrates this tolerance. On the other
hand, experiments investigating the tolerance of lobster larvae to unnatu-
rally high levels of kaolin clay and finely ground quartz (the former a
common component of many nearshore, terrigenous sediments, the latter a
common mineral in ocean sediments) indicate that certain developmental larval
stages are indeed sensitive to particular size ranges and/or concentrations
of suspended materials (Cobb, 1972) and could probably not survive in their
presence.

The preceding discussion could be an introduction to the problem faced
by fish as well. BAlthough many species would no doubt be driven from the
excavation area and the region of suspended silt, certain fishes are known to
be attracted to this sort of disturbance, several of which are of particular
economic significance. Cod fishermen in regions of New England keep in close
touch with mechanical clam digging operators, as the cod is known to be
attracted to disturbances of the bottom (Saila, personal communication).
Winter flounder exhibit a similar behavior, as do sea robin and sculpin.
These fishes are possibly attracted to large numbers of benthic invertebrate
organisms°stirred up into the waters by the disturbance. But just how long
these organisms would remain in the region in the face of mechanical or
chemical irritation resulting from the suspended solids is not known.

Most fishes employ some type of mucous system for cleaning the gill
tissues which entrap particles of material in the respiratory water. This
mucus evidently is ingested by certain fishes. If toxic materials were re-
suspended from the bottom, it is possible that certain ill effects to the
mucus~ingesting fish could result.

Physiological responses to abnormally high levels of suspended materials
have been observed to include depression of oxygen transfer across gill
tissues and reduction in tissue glycogen levels. These effects, if persist-
ent, can result in increased mortality and impairment of reproductive ability
(Sherk, O'Connor, and Neumann, 1972). The particles could also interfere
with feeding by those species adapted to visual means of detecting prey.

In the proposed experiment, it was expected that the relatively short
time and extent of experimental mining would have insignificantly affected
free-swimming fishes in the water column. It would have been necessary,
therefore, to determine tolerance of selected species of particular commer-
cial or ecological significance to chronic disturbances, when possible, under
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controlled experimentai conditions. From the results, one might have been
able to predict the effects on natural populations.

One of the effects of the discharge plume is associated with the inter-
ference of the passage of sunlight resulting from the abnormally high density
of suspended solids in the water column. A short-term reduction in photosyn-
thetic production may be directly correlated with reduced light intensity at
the surface, within the water c¢olumn, and, in relatively shallow waters, at
the bottom. The relative severity of these effects depends not only on the
amount of material introduced by the mining operation, but also on-the normal
background levels and fluctuations.

The fine particles in the discharge plume offer a great increase in sur-
face area available for the growth of bacteria. This development would
reduce the oxygen level in the water column, which, in certain situations,
could result in anoxic conditions.

In addition, the turbid appearance of the plume could be considered-
unpleasant--a factor of particular importance if the plume advects to a
recreational area. '

The bottom water associated with the plume could contain heavy metals,
as could the particles themselves. In either case, the impact on marine
organisms could be substantial.

Another important consideration is the possibility of accelerating net
photosynthetic production associated with the introduction of nutrients into
the waters where they were previously present only in small, growth-limiting
quantities. Some workers believe that in coastal waters phytoplankton pro-
duction is essentially nitrogen-limited for the greater part of the year, and
especially during periods of intense spring "bloom" (Yentsch et al., 1971;
Yentsch, 1972). Therefore, resuspension of nitrogen-rich bottom sediments
could possibly encourage plant growth. Such increases may not necessarily be
of net benefit to the marine community or associated commercial activities.
An increase in phytoplankton can greatly accelerate silting and fouling of
normally clear waters, with associated decreases in other water quality char-
acteristics. In the marine enviromment, relationships between "red tide"
blooms and abnormally high levels of an essential nutrient, previously avail-
able only in limiting quantities, are a possibility.

3.1.3 Blanket of Fines

The most serious concern over this type of mining is the effect of the
eventual blanket of fine sediment resulting from the redeposition of the
fines in the discharge plume. The planned mining operation would have re-
sulted in a significant degree of blanketing extending over the bottom sur-
face some tens of kilometers from the mining barge. Roughly 250 km? of the
seafloor was expécted to be covered by fine sediment to a depth greater than
0.010 mm.

Such a covering can pose several problems. Direct burying and resultant
smothering of benthic organisms and algae can occur. Also, the resultant
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change in particle-size distribution of the bottom sediments may in itself
prevent continued habitation by certain species through interference with
feeding or locomotion and failure by fouling of respiratory surfaces. 1In
addition, regions can be blanketed with material texturally or chemically
unfit for larval setting or metamorphosis. This could result in localized
alterations of migration patterns of certain species. It could also result
in eventual depopulation of an area through loss of recruitment of young,
even though not directly unsuitable for adult organisms. On the other hand,
it could result in the recruitment of benthic communities new to the area.

In some cases vegetation could be smothered, which could result in a
destabilization of the bottom with a resultant redistribution of bottom
sediment to areas where it is unwanted, such as beaches.

A coral reef relatively far from the mining operation could become
silted over, causing the lost of a habitat for many fish.

Finally, the suspended sediment could redeposit in areas where it could
simply cause nonbiologic problems. For example, navigation channels could
become filled, requiring more frequent maintenance dredging. Also, the
coastline itself could become altered by the buildup of fine sedimentary
particles.

3.2 Research Strategy

The most severe environmental impacts discussed above can be generalized
as follows:

« The effects on the benthic habitat caused by sediment removal and re-
deposition;

» The effects on metabolism and survival of organisms confronted with high
suspensions of fine particulate matter;

+ The chemical and physical reactions of resuspended bottom deposits;

+ Chemical constituent transfer to the water column or sediments, their
uptake by organisms, and possible buildup through the marine food web.

It was believed by the Technical Advisory Committee that the major im-
pact would have been caused by benthic alterations and would have been a
long-term change--but one that could have been detected by field observa-
tions. It was also believed that the direct effects of the mining test would
have been so masked by natural variation in the coastal marine ecosystem that
any practicable field compaign would have to be targeted at the detection of
enormous changes. The subtle direct effects were to have been perceived
through laboratory experimentation. Therefore, the approach to these ques-
tions was to have involved a synthesis of theoretical, observational, and
experimental tasks.

Initially, the proposed experimental mine site and projected impact area
were to be described in terms of geologic, chemical, oceanographic, and
biologic characteristics. These preliminary observations were to have influ-
enced the detailed design of subsequent laboratory and field experiments.
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Theoretical determinations of the dispersion of suspended sediments dis-
charged from the dredge, in conjunction with results obtained from experi-
mental testing of organisms, were to have provided the basis for modeling the
degree of stress associated with high sediment levels.

Unless preliminary predictions based on fundamental biological, physi-
cal, and chemical research indicated that the proposed mining test was likely
to cause extensive environmental damage, models describing the projected eco-
logical impact would have been verified with an experimental mining opera-
tion. Following the test period, the reestablishment of affected biologic
communities and the general stability of redeposited fines was to have been
monitored.

3.3 Premining Investigations Completed

Initial surveys were conducted to characterize the nature and variabil-
ity of the mine site and projected impact area. These observations consti-
tute a baseline of biologic, geologic, chemical, and physical oceanographic
data for the area. To augment these studies, one series of laboratory exper-
iments was completed.

3.3.1 Biological Oceanography

The various biologic communities inhabiting the mine site and impact
area were characterized, and the normal seasonal fluctuations of principal
organisms were determined, during the year prior to proposed mining opera-

- tions. On the basis of technical review sessions, the benthos was deemed to
be the most sensitive aspect of the ecology as noted above. Phytoplankton
populations were sampled to determine their distribution, abundance, and
variability.

Experiments with varying levels of suspended sediment were conducted on
both marine and estuarine organisms collected from California. Although the
studies were not conducted in the NOMES project area, it was planned to
utilize an existing facility (in california) to study organisms analogous to
those found in Massachusetts Bay.

3.3.2 Geqlogical Oceanography

The geologic character of the mine site was determined through precision
close-grid bathymetric mapping, subbottom profiling, grab sampling, and side-
scan sonar., Core and grab sampling made possible a determination of the
chemical and physical properties of bottom sediments as well as an estimate
of the portion of mined aggregate expected to overflow the dredge. Under-
water photographic reconnaissance provided data regarding the substrate and,
to a limited extent, the characteristics of fauna assemblages with respect to
bottom sediment types.

13



3.3.3 Chemical Oceanography

Extensive data on water quality (temperature, salinity, dissolved oxy-
gen, nutrients, trace elements, BOD, DO, total organic) are available for '
nearby locations in Massachusetts Bay and were supplemented with additional
samples taken at the NOMES site throughout the experimental period. Addi-
tional data were also obtained on background levels of suspended sediment and
organic matter.

3.3.4 Physical Oceanography

Data on currents were obtained for use in predicting the net transport
of suspended sediments (to delineate the sediment impact area) as well as to
aid in interpretation of simultaneous measurements and samples of water
chemistry and phytoplankton. The basic factors determining the dynamics of
the water column in the experimental area are generally understood; however,
further empirical data obtained during the particular current regime associ~
ated with the dredging period would have been required as input to predictive
dispersion models. Drogue and dye studies, as well as a test particle study,
were conducted--along with current measurements--to acquire needed data on
water mass movements in the NOMES experimental area.

3.4 Investigations Planned But Not Conducted

A number of other studies were planned but were not conducted because of
the project cancellation.

3.4.1 Premining Investigations

Within the category of benthic studies, a special effort was to have
been addressed to the possible impact of the test dredging on lobsters, since
the lobster fishery is important to the Commonwealth of Massachusetts. The
objectives of this study were to evaluate the potential impact of offshore
sand and gravel mining on lobsters and the lobster fishing industry and to
determine the immediate impact of project NOMES on the lobster flshlng indus-
try that was operating within the study area.

It had been planned to conduct a limited amount of sampling for zoo-
plankton in order to investigate the relationship between sediments added to
the water column by the dredge discharge silt plume and the subsequent energy
transfer in the marine plankton ecosystem. The emphasis would have been on
laboratory experiments.

Seasonal and monthly changes in species composition, abundance, weight,
food habits, size distribution, and incidence of disease of ground-fish were
to have been determined by means of three separate trawl tows taken each
month at the test site as well as at two control stations. In addition, gill
nets were to be set each month to sample pelagic species--both diurnally and
nocturnally.
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The aquarium turbidity studies noted above were to have been conducted
in a Massachusetts Bay aquarium complex as well. Other laboratory investi-
gations were to have involved effects of the discharge plume on phytoplank-
ton, benthic algae, zooplankton, and finfish.

3.4.2 Experimental Mining

The mining test had been scheduled for a 6-week period in late spring
1974. This period was selected to coincide with the sensitive "bloom" period
of phytoplankton to learn whether or not mining would have any impact on this
phenomenon.

The dredge selected for the field operation was the 27,000-metric-ton
"Hydrobarge" Ezra Sensibar (fig. 4). The 155-m-long, 23-m-wide hopper-type
barge is both self-loading and -unloading and has a capacity of 12,000 m3.
Mining is accomplished through suction provided by two 84-cm centrifugal
. dredge pumps amidships. Valving directs the incoming slurry (composed of
about 10 m3 of water for each cubic meter of aggregate) to individual hop-
pers. Suspended sediments are allowed to overflow the hoppers as each is
filled with aggregate.

The bathymetry of the selected site is such that excavations were possi=-
ble over the full range of deposit depths of 3 to 6.7 m--typically about
4.6 m. A total of three-quarters of a million cubic meters of material was
to have been removed over the 6-week experimental period from a deposit dis-
tributed over approximately 25 hectares. The dredge was to have conducted
three 2-hr operations every 2 days. About 14 hr may have been required
between operations for transit, offloading, and return, depending on the
distance to the discharge point. :

Mining operations were to have been monitored to determine the change in
bottom topography, the solids content, size distribution and volumetric
overflow of suspended sediment, and the progress of the sediment concentra-
tion in the resulting plume of material discharged from the barge. The silt

Figure 4. Hydrobarge Ezra Sensibar.
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plume was to have been sampled twice a week during the period of mining, and
the water quality examined. In addition, the suspended particulates were to
have been analyzed for total weight, organic fraction, inorganic fraction,
grain-size distribution, and trace metals.

Tide meters were to have been placed seaward of the test site and their
readings keyed into drogue studies, current-meter readings, and water sedi-
ment photographs, all used to determine and interpret the space-time fate of
the plume.

To insure against future charges of indifference to beach erosion caused
by the test (as noted earlier, none was anticipated) a modest program was
planned to survey the bottom topography in and around the test site. The
survey was to have two goals:  establishing the size and shape of the dredge
pits, as well as their rate of natural fill-in; and predicting the slightest
chance, however remote, that the mining activity could alter the wave re-
fraction pattern enough to effect coastal erosion (and/or unwanted deposi-
tion). Bathymetric profiles were to be run in eight directions, radiating
out from the dredge site toward all eight points of the compass. The length
of each run was to be to the beach, where applicable, or to a distance away
from the mine site equal to three times the  diameter of the site. One set of
measurements was to be run during July-August 1973, one during January-
February 1974, one after each of two‘wihter storms, and immediately before
and immediately after the mining test. Precision checks were to be made by
running reverse headings immediately after each run. In addition, side-scan
sonar and bathymetric profiles were to be run on a 30-m grid pattern over the
dredge site immediately before and after the test.

In addition to the tracking and sampling of the silt plume and survey of
seafloor configuration, biologic baseline sampling was to be stepped up in
frequency during mining. Also planned were studies of phytoplankton, zoo-
plankton, pelagic and demersal fish, fish larvae, benthic invertebrates,
benthic larvae, benthic algae, and lobsters.

3.4.3 Postmining Investigations

After the planned period of experimental mining, baseline-type studies
were planned for 2 years in order to learn how mining-induced changes in the
water column and in the seafloor are altered by natural processes. Of par-
ticular concern were the nature and the rate of repopulation of the benthos
near the mine site, where the silt plume's blanket of fines was expected to
cause nmortality.

3.4.4 Predictive Capability and Envirommental Guidelines
Al

. The desired capabilities to be developed were those of predicting the
effects of mining, at that same location, at other rates of production, and
on the basis of laboratory findings, during other seasons of the year.
Successful tests on analogue organisms would have provided some capability of
" predicting effects of mining in other areas of the U.S. continental shelf.
The planned development of these predictive capabilities is shown below in
conceptual form.
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4. STUDIES COMPLETED

Studies completed produced a baseline of biologic, geologic, chemical,
and physical oceanographic observational data, plus data from one series of
laboratory experiments.

4.1 Biological Oceanography

These studies dealt mainly with benthic organisms and phytoplankton.
Although other planned hiological studies were not carried out, annual values
of the commercial fisheries catch in Massachusetts were compiled as one basis
for planning additional investigations. In recent years, that value has been
about $50 million. With varying rank from year to year, yellow-tail floun-
der, sea scallop, cod, haddock, lobster, and black-back flounder had the top
values during the years 1nvest1gated (Table 2).

4,1.]1 Benthos

The major difficulty in predicting the impact of marine sand and gravel
mining on benthic communities is that very little is known about the dynamics
of the communities. However, there are several specific effects of concern.
For example, silt deposits can smother benthic organisms and inhibit recruit-
ment of their juvenile stages (Wilson, 1354; Scheltema, 1961; Thorson, 1966;
Grigg and Kiwala, 1970; Saila et al., 1972; Meadows and Campbell, 1972).

Table 2. Massachusetts Fishery Value in Millions of Dollars*

1971 1970 1969 1968 1967

Yellow-tail flounder 6.89 8.66 7.58 6.00 4.96
Sea scallop 5.84 5.78 5.46 8.62 . 5.27
Cod 5.55 4.85 4.26 2.95 3.16
Haddock 5.32 5.73 7.56 8.04 10.84
Lobster 4.20 5.85 4.74 3.14 2.87

Black-back flounder 2.34 2.35 2.13 1.58 1.96

*Statistics for 1971 and 1970 from Commonweath of Massachusetts (1971).

Statistics for 1969 from Massachusetts Division Marine Fisheries Catch Data.
Statistics for 1968 and 1967 from Commonwealth of Massachusetts (1968).

All lobster statistics from Massachusetts Division of Marine Fisheries Catch Data.
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Both benthic and pelagic filter-feeding animals may find extreme .diffi-
culty in maintaining metabolic efficiency under conditions of high turbidity
(Davis, 1960; Loosanoff, 1961; Rhoads and Young, 1970). As a result of a
decreased feeding efficiency, there could well be decreases in growth rate,
physiological state, sexual maturation, and number of viable gametes. One
might expect the following types of change to occur: (1) a decrease in the
number of taxa (Grigg and Kiwala, 1970); (2) a decrease in biomass (g/m?),
and/or primary productivity; (3) modifications of seasonal and spatial suc-
cessions of organisms (Reish, 1957, 1961; Shar and Mulligan, 1977); and (4)
emergence of photosynthetic organisms (Cronin et al., 1971; Taylor et al.,
1964) .

Large-scale removal of sand deposits will change the bottom topography
and therefore the currents and substrate characteristics, all of which affect
species composition of communities. Over time, substrate removal is the most
threatening to benthic communities since the species composition of a commu-
nity is primarily determined by substrate characteristics (Thorson, 1946,
1957, 1966; Sanders, 1958, 1960, 1968; Harrison and Wass, 1965; Nichols,
1970; Howell and Shelton, 1970; Bacescu, 1971; Rhoads and Young, 1971; Rhoads,
1974; Young and Rhoads, 1971; Tenore, 1972; Holme and McIntyre, 1971; Meadows
and Campbell, 1972; Gray, 1974). Other factors such as currents (Sanders,
1960) and depth (Thorson, 1957; Sanders, 1968; Lie and Kelley, 1970; Golikowv
and Scarlato, 1973; Dayton et al., 1974), which manifests itself in differ-
ences in light penetration and temperature fluctuation, also affect community
composition.

Recent studies in France (Cressard, 1975) show that unless the mined.
area returns to its premining state the community that recolonizes the mining
site will be different from the premining community. Studies have been done
describing community develcpment at dredge spoil dump sites (Saila et al.,
1972; Sykes and Hall, 1970; Tenore, 1972) and after natural die-offs due to
red tides (Bloom et al., 1972), but relatively little information is avail-
able on the reestablishment of communities in areas where mining has taken
place (Sykes and Hall, 1970; Battelle Memorial Institute, 1971).

The benthic community study had several objectives:

1) To describe the general structure and dynamics of the communities
in the four major habitats--rock, cobble, sand, and mud--that occur in Massa-
chusetts Bay at or near the NOMES site.

2) To select a series of species or species groups that are charac-
teristic of specific substrate types, and to determine if it is possible to

use them as indicator species in environmental studies.

3) To develop predictive models on the effects of marine mining for
use in developing guidelines for future commercial mining operations.

4) To test and evaluate procedures for sampling and analyzing benthic
communities in order to suggest guidelines for future studies.
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Sampling stations

By the summer of 1973, when NOMES was terminated, the benthic community
study had progressed to the point where a series of permanent stations had
been selected and had been sampled monthly for varying periods of time up to
8 months.-

The need to evaluate sampling procedures as well as to understand the
dynamics of the communities being studied and the roles of possible indicator
species in their respective communities dictated direct visual observation
and sampling where feasible. Therefore, scuba techniques became a major fea-
ture of the fieldwork, and stations had to be within diving depths--a maximum
of 40 m. It was also necessary that they be representative of the major sub-
strate types in Massachusetts Bay. The experimental stations had to be close
enough to the mine site to be affected by siltation from the dredge operation
and the control stations far enough away to be free of impact. Also, the
current pattern around the mine site varied to such an extent that the site
had to be bracketed with stations to ensure impact by the planned test mining
operation.

The stations selected for use in the study are shown in figure 5. Char-
acteristics such as depth and substrate type are listed in Table 3; Table 4
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Figure 5. Stations selected for the benthic community study in Massa-
chusetts Bay, identified by substrate type and number.
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Table 3. Characteristics of Permanent Benthic Sampling Stations

Site Distance and Direction Depth Substrate . Silt Cover
from Dredge Site .

Hard 1 7 miles NW 15m large rock outcropping clean

Hard 8 1.4 miles SSW : 1%m cobble and large boulders moderate silt
Hard 9 1.5 miles NNW 25m cobble and large boulders moderate silt
Hard 12 2.5 miles SE 18m cobble and large boulders moderate silt
Hard 14 0.5 miles NE 25m cogble and large boulders clean

Cobble 6 within dredge area 32m gravel with large rocks clean

Cobble 11 2.2 miles SSW . Zﬁm gravel heavy silt
Mud 6 0.5 miles SW 35m mud heavy silt
Mud 7 2.1 miles SW 28m mud heavy silt
Mud 8 1.8 miles SSE 40m gravel with mud matrix heavy silt
Mud 9 3,25 miles SSW 18m muddy sand heavy silt
Sand 10 2.5 miles SSW 23m sand . moderate silt

Table 4. Sediment Composition Analyses For The Soft-Substrate Stations
in the Benthic Community Study

January 1973 April 1973 June 1973 Mean for All Months

Core L) % % % % % % % % % % %
Station  No, Sand S8ilt Clay Sand Silt Clay Sand Silt Clay sand Silt Clay
M6 1 29.0 44.8 26.2 44.1 35.1 20.9
2 61.0 24.4 14.6 51.8 32.5 15.7
Mean 45.0 34.6 20.4 47.9 33.8 18.3 46.5 34.2 19.3
M7 1 80.1 15,6 4.3 79.5 14.8 . 5.6 68.5 23.6 7.9
2 82,1 14.0 3.9 82,4 11,5 6.1 82.8 11.4 5.8
3 77.5 17.1 5.4
4 8.7 16.0 5.3
Mean 79.6 15.7 4.7 ~° 81.0 13.2‘ 5.9 75.6 17.5 6.8 78.7 15.5 5.8
MB 1 65.1 24.8 10.1 54.0 43.9 2.2 67.5 23.8 8.7
2 67.7 20.8 11.5 62.6 26.6 10.8 78.9 15.5 5.6
3 70.0 19.2 10.8
Mean 67.6 21.6 10.8 58.3 35.2 6.5 73.2  19.7 7.2 66.3 25.5 8.2
M9 1 95.4 2.6 2.0
2 94.6 3.2 2.2
Mean 95.0 2.9 2.1 . 95.0 2.9 2.1
S10 1 99.2 0.2 0.6 78.7 20.9 0.4
2 98.6 0.7 0.7
Mean . 99.2 0.2 . 0.6 88.7 10.8 0.5 93.9 5.5 0.6
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summarizes the sediment analysis data for the soft substrate stations. The
variations in depth and silt cover for similar substrate types within limited
distances indicate the heterogeneous nature of the area. From the sediment
analyses for a single station, it is clear that there is consistent variabil-
ity in substrate composition within limited areas.

The total species list for the permanent stations used in this study
also reflects the heterogeneous nature of Massachusetts Bay fauna. Over 650
species of benthic invertebrates were identified during the study (Appendix
C, Tables Cl1l, C2, and C3). Most of them were found in more than one sub-
strate type. The complexity of benthic populations is demonstrated by the
observation that within-station variation from month to month was often as
great as between-station variation in any particular month.

Hard substrate communities

Hard substrate includes outcrops of bedrock as well as very large boul-
ders and cobbles. These communities are the most complex to study because a
majority of the organisms are permanently attached to the substrate, and this
renders them difficult to sample and analyze in a quantitative way. Because
of this, most attention was directed to the motile fauna (Tables 5-8, 4,
C5).

The complexity of the habitat results in high numbers of species and
particularly high numbers of small invertebrates, as can be seen in Table 5.
There was up to a factor of 2 variation in the number of species in a sam-
ple from month to month and an order of magnitude difference in the densities
of total motile species. In fact, the variation at each station from month
to month was the most consistent finding.

Taple 5. Total Numbers of Species (Parts a. and b.) and of Densities
(Part c.) of Benthic Invertebrates

a. Total number of invertebrate species collected on each cruise at each station.

Station Cruise No. Mean
14 15 6 17 18 15 20 21

1 51 89 6 6 38.0
HB 87 87 105 146 106 138 111.5
H9 131 99 145 125.0
Hl2 60 §2 64 112 82.0
H14 121 66 92 134 142 111.0
c6 37 81 76 " 66 65.0
D2 31 31.0
D3 » : 113 113.0
cl1 ‘ 109 78 40 80 89.25
M6 62 67 61 52 79 81 67.0
M7 65 56 29 60 57 53.4
M8 81 73 56 70 68 69.6 .
M9 78 59 79 88 o8 80.4
s10 90 42 58 67 76 66.6
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Table 5.

(Continued)

b. Total number of

motile species collected on each cruise at each station.

Station Cruise No. Mean
14 15 16 17 18 19 20 21
Hl 31 65 ) -] 27.0
H8 57 73 75 104 73 102 80.7
H9 85 77 109 90.3
H12 47 70 54 95 66.5
Hl4 75 58 67 97 120 83.4
ce 32 73 73 59 59.28%
D2 31 31.0
D3 101 101.0
c1l 101 75 83 74 B3.25
M6 52 56 55 42 72 77 59.0
M7 57 52 26 57 50 48.4
M8 77 68 a8 64 65 64.4
M9 71 56 72 82 83 72.8
s10 86 42 49 62 74 62.6
c. Total numbers/m? of motile species for each cruise for each station.
Station Cruise No. Mean
14 15 16 17 18 19 20 21
H1l 4517.0 7182.1 528.0 1148.0 3343.8
H8 3616,2 10728.9 6295,9 13938.9 11146.2 §427.4 29025.6
H9 3080.8 7814.4 7611.4 6168.9
H12 3096.0 12236.8 4394.1 11513.0 7810.0
H14 2446.2 2816.0 3896.2 7374.6 5043.6 4315.3
Ccé 479.6 4465.0 3497.5 4112.9 3138.8
D2 1640.0 1640.0
D3 4120.0 4120.0
Ccl1 5715.0 2427.5 11140.0 10859.5 7535.5
M6 2231.6 735.7 3262.3 '1039.1 2030.9 5792.8 2515.4
M7 643.9 920.0 305.5 1254.6 762.0 777.2
M8 2977.0 2046.1 336.4 639.7 2139.6 1627.8
M9 2666.8 2426.4 3961.5 5410.4  7397.2° 4372.5
510 2261.1 1415.9 1123.8 1914.7 1690.4 1681.2
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Table 6. Rankings of the Most Common Motile Benthic Species, Based on the
Mean Number of Animals and Grouped by Sampling Station Substrate Type

Hard Substrate Stations: H1 H8 HY H12 H14
Number of Times Sampled: 3 6 3 4 5
Spirorbis spirillum 3 1 1 1 1
spirorbis borealis 2 2 2 2
Caprella septentrionalis 1 3 4 4
Modiolus modiclus 2 4
Ischyrocerus anguipes 9 5 5 8 9
Pontogeneia inermis 7 6 3
Ophiopholis aculeata 7 6 6
Tonicella rubra 8 8 7 10
Achelia spinosa 9
Cucumaria frondosus 10
Jassa fulcata 4
Caprella linearis 8
Lacuna pallidula 6
Nereis pelagica 5
Lepidonotus squamatus 10
Spirorbis violaceus 7
Musculus niger o 9
Sympleustes glaber 3 8
Metopella angusta 4
Strongylocentrotus droebachiensig 10 6 5
Pectinaria granulata 9
Anomia simplex : 10 7
Lacuna vincta 5
Balanus balanoides 3
Cobble Substrate Stations: C6 T2 T3 Cl1
Number of Times Sampled: 4 1 1 4
BEuclymene collaris 1 1 1 2
Unicola irrorata 2 3 1
Exogone dispar 3 7 2 3
Glycera capitata 4 4 10*
Strongylocentrotus droebachiensis 5 8
Phyllodoce mucosa 6 7 8
Ischnochiton alba 7 10*
Spio setosa 8 10
Corophium crassicorne 9 4
Euchone rubrocincta 10 9 7
Phyllodoce groenlandica 2
Syllis armillis 3
Tharyx acutus 5 5
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Table 6.

(Continued)

(Continued)

Cobble Substrate Stations:

Number of Times Sampled:

c6 - T2
4 1

T3 Cll

Owenia fusiformis
Pholoe minuta
Spirorbis spirillum
Spirorbis borealis
Moelleria costulata
Notomastus luridus
Aricidea jeffreysii
Nephtys ciliata

L]

o

[N

10

Soft Substrate Stations:
Number of Times Sampled:

Mud

Sand

M8 MS

510

Ninoe nigripes
Maldane sarsi

Spio setosa
Sternaspis scutata
Nucula delphinodonta
Scoloplos fragilis
Travisia carnea
Edotea montosa
Pholoe minuta
Periploma papyratium
Diastylis sculpta
Nephtys ciliata
Owenia fusiformis -
Modiolus modiolus
Photis reinhardi
Nassarius trivittata
Thracia myopsis
Asarte undata
Cerastoderma pinnulatum
Paraonis gracilis
Pseudunciola obliqua
Tharyx acutus
Aricidea jeffreysii
Phyllodoce mucosa
Euclymene collaris
Nephtys incisa
Spiophanes bombyx
Jassa falcata
Edwardsia elegans
Unciola irrorata
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Table 7. Mean Ranking of Numerically Dominant Taxonomic Groups,
Arranged According to Substrate Types

Hard Substrate

Taxonomic Group " H1 H8* H9 H12 H14
Polychaeta 2.5 1.0 1.0 1.0 1.0
Amphipoda 1.25 2.5 2.0 2.25 2.8
Bivalvia 2.0 3.7 2.0 3.75 2.8
Gastropoda 3.7 4.7 5.0 4.0 4.6
Asteroidea 4.0 5.0 6.0 6.75 9.2
Ophiuroidea 5.5 6.2 3.5 5.7
Polyplacophora 9.5 6.8 6.2 4.25 6.0
Holothuroidea 6.5 7.25 11.3 10.0 11.0
Pantopoda 7.0 7.8 8.3 9.5 9.5
Isopoda 8.0 8.0 10.5 10.25 10.5
Cobble Substrate
C6* Cll
Polychaeta 1.0 1.25
Amphipoda 2.0 1.75
Ophiuroidea 3.0 9.0
Echinoidea 3.75 7.5
Bivalvia 4.0 3.25
Polyplacophora 5.25 5.0
Gastropoda 5.5 4.0
Anthozoa 7.0 8.0
Brachyura 7.0 10.0
Sipunculida 7.0
Mud Substrate
Mo6* M7 M8 M9
Polychaeta 1.0 1.0 1.0 1.0
Bivalvia 2.0 2.8 2.4 3.0
Isopoda 3.2 2.8 2.8 5.0
Amphipoda 4.3 4.2 3.8 2.0
Gastropoda 4.8 5.8 5.8 6.2
Cumacea 5.2 4.4 5.4 4.6
Anthozoa 7.0 7.0 7.2 6.2
Brachyura 7.0 8.0 8.0 8.0
Asteroidea 7.0 8.0 7.3 8.0
Aplacophora 7.25 5.0
Sand Substrate
510%* M9
Polychaeta 1.2 1.0
Amphipoda 1.8 2.0
Bivalvia 3.0 3.0
Cumacea 5.2 4.6
Anthozoa 5.4 6.2
Gastropoda 5.6 6.2
Isopoda 6.8 5.0
Polyplacophora 7.0
Echinoidea 7.4 7.25
Holothuroidea 7.5 9.3




Table 8. Mean Ranking of Feeding Types, Grouped Accarding to
Substrate Types

Hard Substrate

Feeding Types* H1l H8 HO9 H12 H14
Supension/Filter! 2.0 1.0 1.0 1.0 1.0
Scraper/Omnivore2 2.0 2.0 2.3 2.0
Suspension/Predato3 1.5 3.6 5.0 4.3 3.3
Predator/Epi/Micro* 3.0 4.0 4.0 4.3 4.8
Scraper/Herbivore 5.8 5.5 4.5 5.0
Predator/Epi/Macro5 2.5 5.8 6.0 6.5 8.0
Deposit/Indirect® 6.2 5.0 5.0 5.5
Parasite 7.8 7.5 8.8 9.8
Deposit/Direct7 8.8 8.5 10.3 9.2
Predator/In/General® 10.2 10.5 8.8 9.5
Predator/Epi/Scraper? 3.0 10.8 9.5 10.0 10.0
Predator/In/Molluscl0 12.0 12.0 11.8 10.0

Cobble Substrate

cé cl1

Scraper/Omnivore 1.3 1.0
Deposit/Indirect 4.0 2.5
Deposit/Direct 1.6 3.0
Suspension/Filter 5.0 4,0
Predator/Epi/Micro 3.0 5.0
Predator/In/General 6.0 5.3
Scraper/Herbivore 7.0 7.5
Suspension/Predator . 8.3 8.0
Predator/Epi/Macro 9.3 8.0
Parasite 11.0 9.3
Predator/In/Mollusc 9.3 10.0
Predator/Epi/Scraper 10.3 10.3
* Key

1 filters suspended particles

2 pites or rasps attached plants and animals

3 captures suspended animals

% predator on small motile epifauna

5 predator on large motile and sessile epifauna

6 sorts out small particles of sediment to ingest

7 ingests sediment as it burrows

8 nonspecialized predator on infauna

13 rasping predator on sessile- epifauna

predator on infaunal molluscs
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Table 8. (Continued)

Mud Substrate
Peeding Types M6 M7

=
33}

Deposit/Direct
Deposit/Indirect
Predator/In/General
Suspension/Filter
Scraper/Omnivore
Predator/Epi/Micro
Predator/In/Mollusc
Suspension/Predator
Predator/Epi/Macro
Scraper/Herbivore
Parasite
Predator/Epi/Scraper
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Sand Substrate

M9 slo
Deposit/Direct 6.3 1.2
Scraper/Omnivore 2.0 1.8
Suspension/Filter 3.0 4.0
Predator/In/General 4.8 4.0
Deposit/Indirect 1.0 4.2
Predator/Epi/Micro 4.3 5.8
Predator/In/Mollusc 6.8 7.0
Predator/Epi/Macro 8.3 8.4
Suspension/Predator 8.8 8.6
Scraper/Herbivore 8.8 8.8
Predator/Epi/Scraper 8.8 9.0
Parasite 8.5 9.2

Cobble substrate communities

The cobble stations selected were primarily small cobbles and gravel
intermixed with a few larger rocks, some more than a meter in diameter. The
larger rocks have sessile fauna and flora similar to those found at the hard
substrate stations (see Table Cl). The dominance of polychaetes and amphi-
pods is not surprising considering their small size and the number of species
to be found in each group. The high ranking for scraper/omnivores at the
cobble stations is due to classification of most amphipods as scraper/omni-
vores.

Soft substrate communities
The soft substrate communities were found in sand and mud. Tables 3 and
4 summarize the general characteristics of the stations for these communi-

ties. Stations S10 and M9 were most closely related to the cobble stations
because there is considerable overlap in infaunal species composition.
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The soft substrates appear to be the most homogeneous on casual obser-
vation because there are no obvious changes in substrate morphology. How-
ever, the variation in species composition at each station from month to
month was very high with the species numerically dominant one month being
absent or in insignificant numbers the next month.

General comparisons

There are two ways to organize the results of the monthly sampling at a
series of permanent stations. Most of the results presented summarize and
average the data in an attempt to give an overview of the different communi-
- ties being studied. With this approach it is possible to compare community
types and to relate them to substrate types. Hard substrate communities are
dominated by suspension feeders. The scraper/omnivore group is composed
primarily of amphipods that are associated with the suspension feeders. 1In
spite of a considerable standing crop of macroscopic algae, there are rela-
tively few species that are herbivorous. The soft substrates are dominated
by deposit feeders and their predators. BAmphipods that are particle feeders
are common also.

Polychaetes, amphipods, and bivalves are the numerically important
groups with isopods replacing amphipods at those soft-sediment stations with
a high clay content. The species tend to change with the substrate type, but
not with a clear correlation. This is a heterogeneous environment and only a
minority of the species appeared to be specialists for substrate type (see
"Cluster analyses and selection of indicator species" below). The sampling
scheme was biased toward small motile forms on all substrate types.

- Table 6 clearly demonstrates the complexity of even the seemingly simple
mud and sand communities; the variation in numerical ranking of the most
common species was very high. Furthermore, density differences from month to
" month could be measured in orders of magnitude (see Table C5). Month-to-month
variability was consistent for all stations. Therefore, it was not due to
_ sampling problems for a particular substrate.

-

Species diversity

Species diversity indices are regularly used in environmental impact
studies to determine whether there are changes due to manmade influences.
The most commonly used index is the Shannon-Wiener information theory (Shan=-
non and Weaver, 1963). Diversity indices were calculated for all stations
each month and are recorded in Table 9. As with species rankings, the vari-
ation in diversity values from month to month at a single station was often
greater than between stations in a single month. Peet (1975) has shown that
all diversity measures are sample-size-dependent, but even with uniform
sampling procedures and sample numbers, there were great differences in the
species composition as well as the relative and total numbers at a given
station from month to month (Table 5). There were no consistent differences
in diversity values between substrate types or even between stations on the
same substrate type. Station H14 had high (>3.0) values in three separate
months, but these bracketed values of 2.373 and 2.666, which are only aver-
age, and the 2.666 value occurred when the density per square meter was
highest for the station and the number of species found was second-highest.
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Table 9. Shannon-Wiener Diversity Indices (H') For All Samples
Analyzed For All Stations

Station Cruise No.

14 15 16 17 18 19 20 21

H1l 2.067 2.632 0.778 0.752

H8 0.525 2.833 2.531 2.284 2.327 2.944 2.509

HO 3.225 - 2.357 2.723 2.679
H12 1.857 1.647 2.209

H14 3.354 3.137 2.373 2.666 3.698
cé . 2.720 2.031 2.612 2.169
D2 2.056

D3 3.184

Cl1 3.160 3.248 1.968 1.938
M6 . 2.502 2.757 2.430 2.169 2.952 2.669
M7 25692 2.746 1.896 2.932 2.567
M8 2.373 2.403 2.933 3.015 2.316
M9 2,818 2.319 2.862 2.787 2.771

slo 2.161 1.770 2.169 2.274 2.548

Note: Only motile species for which there were
numerical data were used.

A second type of diversity measure was also used because it appeared to
contain more information for comparing stations. The rarefaction method
described by Sanders (1968) gives a graphic display that describes the in-
crease in number of species as the sample size increases as well as the
increase in the total number of animals and of species in the sample. San-
ders used only polychaetes and bivalves and worked with soft substrate com-
munities. Rarefaction curves for all motile species were plotted for all
stations from cruises 17, 18, 19, and 20 (figs. 6-9). Rankings based on
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these curves are presented in Table 10. The cobble and hard substrate sta-
tions, with the exception of H12, tend to rank highest in the four cruises
because they had both the highest densities and highest total number of
species. It must be remembered that the cobble and hard substrate stations,
because of their variety of subhabitats, have the greatest surface area avail-
‘able for small motile forms; this is particularly true for the rock stations
where the red algae provide a complex surface that serves as a refuge for
large numbers of species.

Rarefaction curves for one or more taxonomic groups were generated to
determine if any might be useful alone or in combinations, since total anal-
ysis of samples is very time consuming. Sanders (1968) used polychaetes and
bivalves, Table ll summarizes the station rankings, which are based on' the
curves generated for cruise 17 for all combinations of taxonomic groups
tested (all motile species). The best agreement with the rankings for all
species occurs with all five groups tested (polychaetes, bivalves, gastro-
pods, amphipods, and isopods); the next best is with polychaetes-and-bivalves
tested. Polychaetes-and-amphipods were not compared because these are the
two most difficult groups to identify and amphipods are most easily lost

Table 10. Station Rankings Based on Rarefaction Curves For Cruises“l7
Through 20 and Shannon~Wiener Diversity Values (H')

Cruise 17 Cruise 18 Cruise 19 Cruise 20
Rank Station H' Station H' Station H' Station H'
1 D3 3.184 H9 2.723 H14 2.666 H14 3.698
2 C1l1l 3.160 H8 2.327 Cll 1.968 H8 2.509
3 HO 2.357 Cl1 3.248 Cc6 2.612 HO9 2.679
4 H8 2.284 C6 2.031 H8 2,944 M9 2.787
5 H14 2,373 H12 1.647 M9 2.862 M6 2.669
6 M8 2.403 S10 2.169 M6 2.952 Cl1 1.938
7 MO 2.319 M8 2.933 VM8 3.015 S10 2,548
8 M6  2.430 M6 2,169 $10  2.274 M8 2.316
9 M7 2.746 . M7 1.896 M7 2.932 cé6 2.169
10 H12 1.857 H12 2.209 M7 2,567
11 s10 1.770
12 HL  0.752
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Table 11. Ranking of Stations, Based on Rarefaction Curves Generated From
Cruise-17 Data

Bivalves
‘Polychaetes

Rank Al; Amphipods Bivalves & Bivalves & Bivalves Polychaetes Gastropods Isopods & Isopods Amphipods
Species Isopods & Polychaetes  Gastropods Amphipods
) Gastropods

1 D3 D3 ci1 H9 M8 Cc11 H9 D3 HB D3

2 cl1 cl1 D3 D3 Ccll D3 ' D3,H14,HB* cll M8 cl1

3 HY H9 M8 Cl1 M9,D3,M6* M3 c11 H8 - Cl1,M6,M9*% H14

4 HB M8 He MB,H14* M7,H9* H9 H12 M6 D:‘i ,S10* M6, H9*

S Hl4 He M7,MO* HB8 H14 M7 M8 H14 H12,H9,M7* HB

6 M8 H14 M6 M9 H8 MQ,HB" M9,S10,M7% HY,MO* M9

7 M9 M9 H8 M7,H12,M6* S10 M6 M6 M8 M8,M7,510*
8 M6 M6 H14 510 H12 H12,H14* sl1o0 H12
9 M7 M7 slo H1 Hl s10 M7 H1

10 H12 H12 Hl2 : H12

11 s10 510 H1 H1

12 H1 H1

* Curves for these stations had equal maximum values.

during remote sampling of soft substrates, The results for the other three
cruises in which rarefaction curve comparisons between taxonomic groups were
generated were essentially identical in that the agreement between the rank-
ings of curves when all species were used versus curves of some of the taxon-
omic groups changed in a similar way.

Cluster analyses and selection of indicator species

Station comparisons. Cluster analyses to compare species assemblages
from different stations gave four general clusters that could have been
predicted from the substrate composition of the stations. The hard substrate
stations were .consistently correlated in each monthly analysis. The cobble
stations aggregated as did Stations M6, M7, and M8, M9 and S10 were more
closely correlated to each other than to any of the three other soft sub-
strate stations. The .clay content of the substrate at M9 was much more
similar to that of S10 than to that of the other M stations, as was the depth
of the substrate. S10 did show affinities to the cobble stations, particu-
larly C6.

Two procedures were used to identify species or species groups to be
studied as indicators of change. The major criteria for selecting species
were that a species be (1) specific to substrate type; and (2) numerous
enough to study. The first method was to determine correlation coefficients
and run cluster analyses on all motile species that had been found in numbers
of 30/m? at least once at some station. The cluster analyses based on cor-
relation coefficients were unmanageable because of the number of species (68)
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and the variation from month to month. Members of obvious groupings one
month that correlated to a substrate type were grouped with oﬁ%er species the
next month. ' h

It was important to select species that were consistently correlated.
Therefore, all species pairings that did not have a correlation coefficient
value of 0.5000 or better (>0.0l1 significance) for at least 2 months were
rejected. Table 12 lists the species that were consistently correlated to at
least one other species. The amphipod Metopella angusta (Code No. 46) and
the bivalve Thracia myopsis (Code No. 37) are examples of species that are
associated with a number of species consistent for distinct substrate types.
Metopella is found in the hard substrate communities and Thracia is found in
good densities in the mud stations though not at S10 or M9. Probably because
M9 had affinities to the other mud stations and 510 had affinities to the
cobble substrate communities, no distinct species groupings could be identi-
fied for the sand stations.

The second method for selecting indicator species involved only those
species that had occurred at only one station for all trips. Species that
were collected at more than one substrate type were also screened out. As
Table Cl shows, this eliminated almost all species. Therefore, a compromise
was used to obtain the list of species in Table 13; included are all species
that were associated with a particular substrate in numbers greater than
10/m2 (possibly associated with more than one station), but never associated
with other substrate types in numbers above 10/m2. These species might be
selected for closer study. It is interesting that Metopella angusta, which
correlated for hard substrate fauna, does not appear on Table 12 because it
was found in numbers greater than lo/m2 at one cobble station at least, and
was found at virtually all stations (Table Cl). Thracia myopsis would be a
good indicator species for the three mud stations (M6, M7, M8), but not for
the sand stations.

The data in Tables 6, C3, C4, and C5 show a consistent pattern of vari-
ation in distribution and density of species even within a single measurable
segment of a seemingly homogeneous substrate. Indicator species, if itis
possible to use them, will most likely have to be selected for each station
and not from general substrate types.

Discussion

The most important result of the benthos study was the documentation of
the natural variability in the system. The variation from month to month at
each station was the most consistent finding. From month to month there was
up to a factor of 2 variation in the number of species at a station. In
fact, the species numerically dominant one month were frequently absent the
next month.

The species tend to change with the substrate type, but correlations are
not statisically significant. This is a heterogeneous environment and only a
minority of the species appeared to require a particular substrate. Indi-
cator species, if it is possible to use them, will most likely have to be
selected for each station and not from general substrate types.
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Table 12.

Results of Correlation Analyses for Species Assemblages to

Determine Indicator Species for Future Studies

Code Correlated Species (by code number)
No. Species 2 out of 2 3 out of 3 4 out of 4 3 out of 4
2 Phyllodoce mucosa 6,16,18
3 Exogone dispar 14
4 Neries pelagica 22,23
5  Nephtys ciliata 14,23,29
6 Glycera capitata 2
8 Ninoe nigripes 17
9 Aricidea jeffreysii 19
10 Scoloplos fragilis 27
11 Naineris quadricuspida 65 14
12 Spio setosa’ 13
13 Travisia carnea 12,14
14 Notomastus luridus 65 3 5,11,13,15,18
15 Euclymene collaris 65 14
16 Maldane sarsi 2
17 Praxillella gracilis 8,36
18 Myriochele heeri 2,47
19 Owenia fusiformis 38 9,20
20 Pectinaria granulata 38 19,46,47,48,50,51
22 Spirorbis borealis 59,63 4,23,25,42
23 Spirorbis spirillum 4,5,22,42,45,46,48
24  Spirorbis violaceus 62
25 Hydroides sp. 22,130,36,37,44,46,48,51
26  Nucula delphinodonta 27
27  Musculus niger ! 10,26, 28
28 Modiolus modiolus 27
29 Crenella faba 65 41,46
30 Astarte undata 37 34,46
34 'Mya arenaria 30,51
35 Hiatella spp. 42
36 Periploma papyratium 17,25
37 Thracia myopsis 30 25,44,45,46,47,48,51,53
38 Leptocheirus pinguis 19,20 41
39 Unciola irrorata 65 5,49
41 Corophium crassicorne 65 29
42  Ischyroceras anguipes 35 22,23
431  Photis reinhardi 62
44  Sympleustes glaber 56 25,45,48,51
45 Pontogeneia inermis 54,55,56 46 23,37,47,48
46 Metopella angusta 62 54,55,56 20,23,25,29,30,37,48,50
47 Caprella linearis 57,64 18,20,37,51
48 Caprella septentrionalis 60 54,56 51 20,23,25,37,49
49  Ischnochiton alba 5,39
50 Tonicella rubra 20,46
51 Achelia spinosa 56 20,25,34,37,44,48 53
52 Chirodotea tuftsi 53
53 Edotea montosa 52 37,51
54 Balanus balanoides 418,55 45,46
§5 Eualus pusiolus 45,54
56 Asterias sp. 60 45,46,48,51
57 Ophiopholus aculeata 47
58 Strongylocentrotus
drobachiensis 60
59 Moelleria costulata 63
60 Margarites groenlandica 58 56
62 Lacuna vincta 24,43
63 Alvania areolata 22
64 Alvania castanea 47
65 Tharyx sp. 11,15,29,39,41
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Table 13. Species Characteristic of Specific Substrate Types, Ranked

According to the

Total Number of Individuals per Square Meter®*

Substrate Type: Hard Cobble Mud
Station Number: H1 H8 H9? HlzZ . H14 C6 T2 T3 Cl1 M6 M7 M8 M9 S10
Total Total Total
Rank . Species . Animals Animals Animals
1 Spirorbis violaceus L + 622.8
2 Lacuna pallidula + + o o 454.9
3 Eualus fabricii + + o+ + 208,35
4 Tonicella marmorea o + 4+ o+ +  174.9
5 Maldanopsis elongata + o+ o+ + 144.8
6 Idotea phosphorea + o 96.4
7 Amphitrégg cirrata + + o + 89.7
8 Janira alta + o 54.0
9  Polycera lessonii + 56.1
10 Proboloides holmesi + o 42.3
11 Mitrella rosacea + + 36.8
12 Nieolea venustula + 25.6
13 Potamilla reniformis o + o 16.1
14  Colus stimpsoni + 14.7
15 Requipecten irradians [ + 13.4
16 Mitrella dissimilis + 13.3
1 Asterias rubens + 3 338.7 [} 2.5
1 Lacuna vincta + o+ o+ + 1237.4 ) o 1.5
2  RAnomia aculeata o + + o+ +  394.3 o 2,5
3 Vvelutina laevigata + o+ o+ + + 103.1 o o 1.6
4  Nymphon grossipes o + o o o 101.0 [} 0.7
5 Acmaea testndinalis + + o + + 83.4 o o 5.0
6 Clymenella torquata o+ + 34.6 o 2.5
1 Tonicella rubra + r T o+ + 2081.3 o 3.3 o 2.5
2 Alvania castanea o + + + + €57.4 o [} 5.0 [+} 0.7
3  Dodecaceria concharum o+ o+ o+ + 355.4 o 2.5 o 0.7
4  Musculus discors o 4+ + 2081 o o 5.8 o o 2.5
5 Cirratulus cirratus + o+ 4 + 105.2 o 3.3 o 0.7
6 Flabelligera affinis + + o + 65.5 o o 5.0 o 0.8
7 Corophium boneili + o+ ° 49.6 [} 5.0 o 0.8
1 Lunatia immaculata + + 46.4
2  Polycirrus eximius + 12.5
3 odontosyllis fulgurans 10.5
1  Syrrhoe crenulata o 2.7 + + o© 55.0
2  Moroculodes tuberculatus [] 5.3 o + + 40.0
3 Lumbrineris tenuis o 3.2 o + 37.5
L Scolelepides viridis + 27.5 o 0.8
2 Lora pleurctumania + 20.5 ° o o o 5.5
1 wrichthonius rubricornis [} 2.7 + + o 42.5 [¢] 0.8
2 Phoxichildium fempratum o 2.7 + + 33.3 Q 1.4
3 Anonyx sarsi 6 2.7 a + 15.0 o 1.7
4 Lora turricula ) 2.7 + 10.0 + 2.7
1 Maldane sarsi + o + o 1844.5
2 Thracia myopsis + + + o 326.5
3 Chiridotea tuftsi o+ + 194.1
4 Tellina agilis o +  +  147.13
5 Cyathura polita + © 49.1
6  Anachis haliaecti + o 25.9
7  Hippomedon propinquus + o o a 20.8
8 Apistobranchus tullbergi + o © 19.5
9 Eudorella trunculata + o+ 16.7
1 Sternaspis scutata o 2.3 + o o o 1238.6
2  Artica islandica ] 2.7 + + + 4+ o 310.0
3  Axinopsis orbiculatus o 5.3 + o+ o+ 4+ 165.8
4 Edotea triloba [ o 5.4 + o+ o 35.7
S Ptilanthura tenuis ° 5.3 + + 31.2
6 Chaetoderma nitidulum o 4.0 <] + 27.5
1 Spiophanes bombyx ° 3.3 + o+ 34.9
2 Nephtys picta ] 5.0 o + + 90.9
3 Halcampa duodecimcirrata o 2.5 + 40.8
4 Praxillura ornata © 3.3 + 11.7
-1  Lampros quadriplica © 2.3 o 2.5 o + 4+ 100.2

* Data from all cruises and all stations were used.

Note:
o indicates less than

+ indicates 10 or more animals per station.

10 animals per station.
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In a future study of offshore sand and gravel mining, benthic community
studies should.utilize permanent stations, as was done in NOMES, but the
sampling scheme should be altered. A limited number (two to four) of sta-
tions should be sampled intensively on a quarterly schedule. Fifteen to
twenty replicate samples should be taken at each station every 3 months and
analyzed separately so that aggregated distributions can be identified.
Instead of the diversity indices used by benthic biologists, a list ranking
species by some system that incorporates both numbers and biomass per unit
area would seem to be a more useful way of describing and comparing communi-
ties. This would provide a more realistic picture of community organization
and dynamics than monthly sampling with fewer replicates. During the samp-
ling period, the region surrounding the mining area should be surveyed to
determine the distribution of substrate types and to characterize the domin-
ant components of their communities.

4.1.2 Phytoplankton

Although numerous phytoplankton studies have been conducted in the Gulf
of Maine (fig. 10), starting with Bigelow (1913), the immediate area of the
NOMES site had received very little detailed study prior to 1971. The NOMES
investigations included both the test site and a coastal transect to the
north.
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Figure 10. Northeastern coastal zone, including the Gulf .
of Maine and Massachusetts Bay.
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Coastal transect

The coastal study, begun in the summer of 1971;fwas conducted to examine
the variability of phytoplankton along a 80-km transect from Boston Harbor to
Rye, New Hampshire. Data were-collected monthly, from August 1971 to August
1972, at six stations located 2 to 5 km offshore (fig. 11): Rye, Newburyport

(off the Merrimack River), Annisquam, Bakers Island, Flip Rock, and Pope
Rock.

Chlorophyll-a concentrations were determined at all six stations, at
five depth intervals. Highest values occurred in the spring and fall, as
expected from phytoplankton blooms, running about 10 to 12 mg/m3. Low values
in the summer and winter were about 2 mg/m3. ’

Phytoplankton were identified and counted in terms of cell numbers per
-milliliter. All six stations were under the influence of river runoff as

¢
Shoals

. _
ULF OF MAINE

Figure 11. Coastal transect from Rye, N.H., to Boston, Mass.
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well as currents, which makes comparison between and among stations diffi-
cult. The stations to the north of Cape Ann were sllqhtly colder and had
higher transparencies than those to the south.

Table 14 shows the maximum population of each species encountered at a
given date; Table 15 shows frequency and abundance of species over the entire
sampling period. 1In late June 1972 the species Skeletonema costatum constitu-
ted 92% of the phytoplankton to Annisquam (2009 cells per milliliter at the
surface), which is the area where the 1972 "New England Red Tide" developed
(Mulligan, 1973, 1975). Seasonal cycles were somewhat more advanced at the
southern stations.

In general, more species were identified in the three northern stations
(>50 at Rye) than in the three stations south of Cape Ann (frequently <10),
which may correlate in part to the greater influence of river discharge to
the north. With the exception of the bloom of Gonyaulat tamarensis at the
northern stations, the major organisms at all stations were the same.

Massachusetts Bay

Following the selection of the site of the experimental mining operation
in the fall of 1972, a variety of sampling programs was considered by the
NOMES Technical Advisory Committee to characterize accurately the phytoplank-
ton and associated hydrographic conditions in Massachusetts Bay. Sampling
schemes ranged from sampling at one location over entire tidal cycles to the
establighment of a grid of permanent sampling stations.

Table 14. The Most Abundant Species Recorded
From Rye to Pope Rock, 1971-72

Maximum ,
Cells/mf Date

Species Observed Observed Station
Skeletonema costatum 2164.5 6-8-72 Pope Rock
Chlamydomonas sp. 1551.7 12-16-71 Flip Rock
Chaetoceros debilis 663.8 4-20-72 Annisquam
Chaetoceros compressus 265.0 4-20-72 Annisquam
Thalassiosira nordenskioeldii 251.0 4-20-72 Pope Rock
Phaeocystis pouchetii 244.6 7-12-72 Merrimack
Thalassionema nitzschioides 242.1 11-18-71 Annisquam
‘Leptocylindrus danicus 229.3 10-21-71 Flip Rock
Eutripea sp. 169.2 7-12-72 Flip Rock
Nitzschia seriata 158.0 9-23-71 Bakers Island
Leptocylindrus minimus 140.1 10-21-71 Annisquam
Carteria sp. 135.0 6-8-72 Bakers Island
Rhizosolenia delicatula 99.4 10-21-71 Flip Rock
Thalassiosira sp. 1 84.1 8-23-71 Pope Rock
Fragilaria sp. 68.8 3-9-72 Merrimack
Detonula confervacea 65.0 4=-20-72 Pope Rock
Chaetoceros didymus 49.7 6-8-72 - Merrimack
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Table 15. Comparison of the Fregquency of Occurrence and the
Abundance of Species Recorded From Rye to Pope Rock 1971-72

Frequency-of- Abundance
Species Occurrence Ratio Scale*
Thalassionema nitzschioides .67 | 9
Nitzschia closterium .44 31
Cocconeis scutellum .32 _ 48
Skeletonema costatum .32 1
Leptocylindrus danicus .24 10
Thalassiosira sp. 1 .24 28
Navicula sp. 2 .22 ‘ 37
Chlamydomonas sp. .22 29
Navicula sp. 9 .18 42
Chaetoceros compressus .17 6
Navicula sp. 1 .17 38
Licmophora abbreviata .15 47
Distephanus speculum .15 41
Eutripea sp. .15 11.
Thalassiosira sp. 2 (r+2.5) .14 27

* Scale derived by comparing maximum populations of each species
over the entire sampling period where the number 1 is the most
abundant on a scale from 1 to 55.

After all sampling proposals were evaluated, 16 stations were estab-
lished in a 13 x 13 km grid (fig. 12). Coordinates of the corners of the
grid follow. '

Al 42°22'50" N. A4 42°22°'50" N.
70°51'50" W. 70°43'50" W.
D1 42°17'10" N. D4 42°17'10" N.
70°51'50" W. 70°43'50" W.

Station D1 was eliminated from the sampling schedule because of insufficient
depth and shifting sand bars. Also, an additional station sampled on some
dates was located between B2 and B3 in the center of the proposed mine site.

From December 1972 to May 1973 biweekly samples were obtained at all
stations. From June to December 1973, five "primary" stations (A2, A4, B3,
C2, C4) were sampled biweekly, and the remaining stations were sampled once a
nonth., One trip per month was made in winter when productivity was low.

To assist in interpreting phytoplankton data with respect to water mass
movements and water chemistry, hydrographic and physical-chemical measurements
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Figure 12. Massachusetts Bay and NOMES station locations.

were made in conjunction with the collection of water samples for plankton
analyses. These data include vertical profiles for each station of salinity,
temperature, and light transmittance and are reported in Sec. 4.4, "Physical
Oceanography." Also, chemical analyses of water samples collected during the
spring of 1973 are reported in Sec. 4.3, "Chemical Oceanography."

Chlorophyll-a. Chlorophyll-a concentration measurements (measures of
photoplankton abundance) were integrated over depth; the values for the five
primary stations are shown in figure 13. These data show bimodal spring and
fall blooms. Chlorophyl-a values ranged between about 10 mg/m2 in the winter
to about 250 mg/m2 during the spring bloom. Phytoplankton populations were
larger closer to shore, probably as a result of nutrients contributed by
sewage discharges and fresh-water runoff and from the resuspension of bottom
sediments and nutrients in shallow, nearshore waters.

Biomass. Biomass provides a more accurate description of phytoplankton
variation than cell counts because marine phytoplankton vary greatly in cell
size. Biomass was evaluated at the five primary stations on each of the
sampling dates. At other stations, biomass was evaluated periodically.

Biomass concentrations among four primary stations, when integrated over
depth, ranged from 27-6600 mg C/m2 during 1973. (Station C4 appeared anoma-
lous and will be discussed separately.) As expected, the maximum concentra-
tions were observed during spring and fall bloom periods. Minimum concentra-
tions occurred immediately after the spring bloom and during the winter
months. The annual cycle of biomass at station B3, near the mine site, indi-
cated a strong seasonal periodicity of phytoplankton production (fig. 14).
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Figure 13. Chlorophyll-a values (mg/m?) recorded biweekly at the five
primary stations in 1973,

Spring bloom biomass concentrations ranged from 4700-6600 mg Cc/m2. The
1973 spring bloom lasted approximately one month (mid-March through mid-
April), the maximum occurring simultaneously at all stations on March 31.
Maximum annual biomass concentration was observed at this time and corre-
sponded with maxima of chlorophyll-a and primary production.

Immediately following the spring bloom, biomass concentrations declined
rapidly and by May 5 concentrations were below 500 mg C/mZ at all stations.
Following this decline, a secondary increase in biomass was observed (May
18) indicative of the biomodal spring phytoplankton bloom described previ-
ously. However, biomass concentrations during this secondary peak were much
lower than the March peak and ranged from 305-2030 mg C/mz. Concentrations
at station C4 did not parallel those at the other primary stations. At
station C4 the bimodal spring peaks were egquivalent and maximum biomass
observed was 4900 mg C/m2. ’

The summer biomass concentrations remained generally low. In June,

phytoplankton biomass again declined and ranged between 120 and 610 mg c/m2.
During July, phytoplankton populations increased slightly and ranged from
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540-2400 mg C/mz. August .values were reduced to less than 1 mg C/m2. These
summer trends corresponded with chlorophyll-a and primary production.

aAs fall approached, phytoplankton populations increased at most stations
and by mid- to late September a fall bloom was observed. The fall bloom was
more variable in concentration and timing than the spring bloom. Concen-
trations among the inshore stations increased to more than 2500 mg C/m2. At
the offshore stations, A4 and C4, the fall bloom was less intense, and maxi-
mum observed values were approximately 1000 mg C/m?, At both offshore grid
stations the fall bloom appeared to have been delayed and was not observed
until October.

"Following the fall bloom, phytoplankton populations declined slowly
through the early winter months. Samples taken at station B3 in December
indicated a slight phytoplankton increase. However, this was rapidly atten-
uated, and typically low winter values were reestablished.

Annual variation in biomass among the Massachusetts Bay stations was
similar. The seasonal periodicity observed with a large spring and smaller
fall bloom of phytoplankton, followed by periods of lower phytoplankton
growth in the summer and winter, is typical of north temperate waters, in-
cluding the Gulf of Maine.

Species composition. The dominant phytoplankton species encountered and
their periods of abundance are shown in Table 16. Phytoplankton population
estimates are provided in terms of numbers, volume, and bicmass.
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Table 16. Dominant Phytoplankton Collected in Massachusetts Bay
From 12-19-72 to 12-22-73
Period of Max. Abundance
Vol./Cell- Carbon/Cell Dates of Date of No. Cells/ml- Total vol. Total pg C
Bacillariophyceae (u3) (picograms) Occurrence maximum at maximum at peak at peak
: abundance abundance (u3x10%) (x10%)
chaetoceros debilis 929. 78. 3/21-4/23, 6/2/73 910. 8.5 7.1
5/19-6/2
C. decipiens 4,500, 304. 3/21-4/17 4/17/73 196. 8.8 1.6
C. didymus 884. 82. 10/13 16/13/73 32. 0.28 0.26
C. socialis 200. 27. 2/10, 3/21-4/23, 4/12/73 3,400, 6.8 9.2
5/19-6/2 |
C. subsecundus 12,000. 717. 3/31 3/31/73 50. 6. 3.6
Coscinodiscus sp. 1 250. 34. 10/28-12/22 12/1/73 48, 0.12 0.16
Cylindrotheca closterium 1,200. 112. 1/13, 2/10-3/21, 206, 2.5 2.3
9/10-9/30
Detonula confervacea 545, 57. 3/21-3/31 3/3L/73 2,900, 16. 1.7
Guinardia flaccida 58,000, 1,988, 12/1-12/22 12/22/73 50 29. 9.9
Leptocylindrus danicus 880. a9, 7/14-10/28 9/10/73 4,900 43. 49.
L. minimus 180. 25. 10/28-12/1 10/28/73 39 0.07 0.10
Nitzschia delicatissima 340, 43. 9/30~10/28 10/13/73 280. 0.95 1.2
Porosira glacialis 44,000. 1,572, 3/21-3/31 3/21/73 140. 62. 22,
Rhizosolenia delicatula 1,000. 103. 10/28-12/1 10/28/73 1,200. 12. 12.
R. faercense 18,000. 937. 3/21-3/31 3/31/73 33 5.9 3.1
R, fragilissima 1,500. 129, 7/14-8/20, 7/14/73 970 15, 13
9/30-10/28
Skeletonema costatum 480. S2. 12/19, 2/10-3/31, 10/13/73 3,300. 16 17
5/19-6/2,
7/14-12/1
Thalassionema nitzschioides 720. 76. 12/19, 2/24-3/31, 3/31/73 100. 0.72 0.76
4/17
Thalassiosira decipiens 3,000, 242. 2/10, 3/21-3/31 2/10/73 38. 1.1 0.92
T. gravida 2,800. z218. 3/21-4/13 3/31/73 426. 12. 9.3
T. nordenskioldii 3,900. 260. 3/21-4/17 3/13/73 700, 27. 18.
T. specics 1 3,600. 244. 12/18-1/13, 4/23/73 160. 5.8 3.9
3/21-~4/23
T. species 2z {small) 59. 2. 5/19~7/14, 5/19/73 190. 0.11 0.17
10/28
Dinophycease
Amphidinium crassum 1,300. 119. 5/5, 6/30-7/14 5/5/73 170. 2.2 2.0
Peridinium triguetrum 1,500. 113. 5/19, 6/30-10/30 8/20/73 103. 1.5 1.2
Chlorophyceae
Unknown 1 (Chlamydamonas?)} 280. 37. 12/19, 3/21-3/31, 6/30/73 900. 2.5 3.3
S/5-7/14,
9/10
Euglenophyceae
Euglena 820. 84. 3/21~9/10 3/21, 3/31, 48. 3.9 0.4
6/2 :
Chrysophyceae
syracosphaera 2,600, o202, 10/13 10/13/73 41. 1.1 0.83
Unknawn 2 {Phaecystis) 7. 2, 3/21 3/21/73 383. 2.7 7.1
Unknown 3 (Etripea?} 240. 33, 3/21~3/31, 5/5/73 a3. 0.1 0.14
4/23~6/30,
8/20, 9/30-10/28
Unknown 4 15. 4. 12/19/72 12/19/72 870. 0.13 0.35
12/1/73
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Resting spores. Resting spores (vegetative cells that can survive
adverse conditions) were observed for eight species of phytoplankten collected
in Massachusetts Bay (Table 17). Six of these are spring bloom organisms:
Detanula confervacea, Thalassiosira nordenskioeldii, T. gravida, Chaetoceros
socialis, C. debilis, and C. subsecundus. The remaining two are fall organ-
isms: Leptocylindrus danicus and Chaetoceros didymus, Neither Chaetoceros
subsecundus nor C. didymus was present in numbers sufficient for conclusions
to be drawn from their appearance and subsequent spore formation. The remain-
ing six, however, seem to fall into a pattern of a healthy cell "bloom"
followed by distinctive spore formation. :

Table 17. Phytoplankton Resting Spores Collected in Massachusetts Bay

in 1973
- Date of Maximum No. Cells
Phytoplankton Dates of Maximum Occurrence - at Trend of
Occurrence Occurrence Station Depth Maximum/2 Development
Chaetoceros debilis 4/23 4/23 DS 50 m 82,000 offshore - inshore
5/19-6/2 .
C. didymus 9/30-10/13 9/30 A2 10m 14,000
C. socialis 4/13-4/23 4/17 DB 10 m 340,000 offshore + inshofe
. 5/19-5/2
C. subsecundus 3/31 3/31 B3 surf 50,000
Detonula conferva_cea 3/2154/13 3/21 B4 20 m 900,000 offshore -+ inshore
Leptocylindrus danicus 9/10-10/28 9/30; A2 IS5 m 7,500 offshore + inshore(?)
10/28 [of’] 15 m
Thalassiosira gravida 3/31-4/13 3/31 c4 Sm 24,000 offshore - inshore
T. nordenskioeldii 3/31-4/17 4/13 A2 15 m 211,000 inshore + offshore(?)

Productivity. WNet marine phytoplankton primary productivity varies from
an average of 200 mg c/m2/day in oligotrophic habitats such as the Sargasso
Sea (Menzel and Rhyther, 1960) up to 3350 mg ¢/m2/day in nutrient-rich up-
welling areas off the southwest African coast (Lloyd, 1971). Habitats on the
east coast of North America vary considerably with regard to primary produc-
tivity levels. The shallow portion of .the Gulf of Maine has a high annual
fish yield probably supported by the highly productive phytoplankton com~
munity. ‘

Primary productivity at station B3 was measured in situ during 13873 and
1974, and estimates of whole-day carbon fixation were calculated (Table 18).
The data provided a clear picture of the annual cycle of primary productivity
for Massachusetts Bay stations (fig. 15). A maximum primary productivity
valued at 1200 mg C/m2/day was recorded in Massachusetts Bay in 1973.

Annual, primary productivity was 230 g C/m%/yr, determined by integrating
daily values over time for the vear. This value was obtained from in-situ
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Table 18. In-Situ Vertical Primary Production Profile (mg C/m3/hr),
and Integrated Hourly and Daily Rates at Station B3
From March 1973 to June 1974

pepth (m) 3/21/73 3/31/73 4/13/73 4/23/73 5/5/73 5/19/73 6/30/73
Surface 17.78 41.88 12.56 0.61 2.87 7.55 3.40
1 22.60 41.00 16.00 1.18 3.26 9.40 18.20
3 25.80 17.80 22.76 1.06 2.99 10.70 11.00
5 23.77 9.60 15.50 1.90 2.85 9.10 4.86
8 7.36 2.88 2.40 2.37 2.54 9.80 1.90
10 0.00 1.79 1.98 2.27 2.30 5.50 0.95
12 0.00 0.60 0.96 2.15 1.40 3.60 0.77
15 0.00 0.59 0.54 2.38 0.85 2.30 0.14
20 0.00 0.42 0.07 1.35 0.22 0.70 0.00
25 0.00_ 0.32 0.00 0.76 0.10 0.16 0.00
mg C/mZ/hr 172 160 129.4 43 38.6 119.6 72.3
mg C/m?/day 1383 1170 1202 332 284 963 881
Depth {(m) 7/14/73 8/20/73  9/10/73 9/29/73 10/13/73 10/28/73 12/1/73  12/22/73
Surface 10.39 3.67 12.96 2.31 8.90 16.01 2.50 3.27
1 11.53 3.9 19.58 2,81 10.00 17.33 5.29 2.81
3 11.65 6.13 15.12 4.34 11.26 12.35 3.97 6.09
5 9.22 4.03 9.30 3.36 .82 6.68 3.32 5.57
8 2.07 3.24 2.89 1.24 4.70 2.85 2.08 4.32
10 1.74 3.12 1.15 0.97 2.98 0.67 1.91 3.03
12 1.10 2.48 0.41 0.73 1.92 0.54 0.90 2.67
15 0.72 2.06 0.32 0.24 1.04 2.40 0.80 1.58
20 0.18 1.89 0.28 0.00 0.48 - 0.81 0.35 0.55
25 0.00 1.70 0.00 0.00 0.20 0.00 0.21 0.00
mg C/m?/hr  85.6 71 101.9 30.3 93.6 98.9 42.2 64.4
mg C/m?/day 757 607 839 240 615 672 337 182
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Table 18. (Continued)

Depth (m) 1/26/74  2/16/74  3/2/74  3/16/74  4/6/74  4/20/74  5/5/74  5/18/74  6/1/74
surface 0.56 1.66 23.63 24.96 11.49 1.85 4.82 9.45 14.70
1 1.13 2.08 22.41 30.39 11.03 2.07 3.63 7.41 10.48
3 1.64 1.91 21.79 16.71 7.93 3.26 3.45 9.83 6.65
5 2.18 2.19 12.75 9.36 4.94 3.05 3.59 11.24 3.07
8 1.21 2.29 5.54 1.82 2.35 3.01 2.47 8.24 1.98
10 1.40 2.57 3.06 1.92 1.72 2.38 2.26 5.20 0.15
12 0.68 1.77 0.34 4.16 1.08 2.00 2.46 3.75 1.02
15 0.72 0.51 0.20 3.36 0.46 0.76 1.83 0.87 0.26
20 0.40 0.37 0.00 4.10 0.27 0.54 0.32 0.05 0.00
25 0.47 0.31 0.00 3.34 0.14 0.85 0.04 - 0.00 *0.00
mg C/m?/hr  24.3 33.2 142.5 176.1 66.0 43.3 49.6 107.7 52.9
mg C/m?/day 160 214 1555 1915 533 360 456 240 764

profiles at station B3. Station-to-station variation suggests that 2004350\g
C/mz/yr is a reasonable range for annual productivity at the Massachusetts
Bay stations.

Annual net productivity values for neritic water along the east coast of
the United States and Canada are presented in Table 19. Annual primary
productivity for Massachusetts Bay corresponds with that of Georges Bank,
which is nearest geographically to the sampling area. Massachusetts Bay is
among the most productive regions listed.

An incubation tank, constructed for shipboard measurement of primary
productivity, provided information on horizontal variability in carbon fixa-
tion among the five major Massachusetts Bay stations. Because only four
depths were sampled per station these values are considered estimates of
primary productivity. Simulated in-~situ experiments were conducted from July
1973 to June 1974. The incubation tank values were corrected with the in-
situ profile values by incubating duplicate samples, one in situ and one in
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Table 19.

Annual Estimates and Seasonal Maxima of Net Primary

Productivity in Massachusetts Bay and Other Selected Marine Regions

Seasonal Maxima g C/mz/day
Massachusetts Bay (Parker, 1974) 1.3-1.9
Chaleur Bay, Can. (Legendré, 1971) 1.0
N.W. African Coast{(Lloyd, 1971) 1.12-3.35
Coastal off New York (Ryther and Yentsch, 1958) 1.0
Chesapeake Bay (Taylor, Roland, and Hughes, 1964) 1.5-3.5
40°=50° N. Pacific (Parsons and Anderson, 1970) 0.66
Georges Bank (Teal and Kanwisher, 1966) 1.6
Nantucket Sound (Teal and Kanwisher, 1966) 0.60
St. Margarets Bay, Can. (Platt, 1971) 2.0

Annual Estimat;s g C/mz/yr
Massachusetts Bay (Parker, 1974) 200-340
Coastal off New York (Ryther and Yentsch, 1958) 160
Continental Shelf ofleew York (Ryther and Yentsch, 1958) 100
Long Island Sound (Ryther and Yentsch, 1958) 380
Georgés Bank (Teal and Kanwisher, 1966) 120-300
Nantucket Sound (Teal and Kanwisher, 1966) 150-200
St. Margarets Bay, Can..(Platt, 1971) 250-270
Western Central Atlantic (El-Sayed, 1972) 100
Sargasso Sea (Menzel and Ryther, 1960) 72
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the tank. Percent difference in productivity was then used to correct all
other tank-incubated samples.

Carbon fixation from the tank ranged from undetectable levels at the
compensation depth (the depth where photosynthesis equals respiration) to
38.8 mg C/m3/hr. Light inhibition was noted in the surface water samples,
and maximum photosynthesis was measured at light levels corresponding to a
depth of 1 m.

Primary productivity integrated to 1% I, (surface intensity) depth,
ranged from 12 to 250 mg c/m2/hr (fig. 16). In general, an inverse relation-
ship between distance to shore and primary productivity was noted. Values
for an offshore control station, located 8 nmi east of the Massachusetts Bay
stations, provided the lowest productivity estimates. The productivity graph
is supplemented with values qaléulated from other NOMES stations (al, A3, B2,
B4, Cl, C3). The productivity values for these stations were derived from
assimilation indices (mg C/mg chlorophyll-a/m2: Ryther and Yentsch, 1958;
Flemer, 1970). Chlorophyll-a concentrations for each date were used to
calculate primary productivity values in mg C/mz/hr. These calculations
provided a generalized view of the offshore trend of decreasing primary
productivity.

200
130
100
90
0 250.
200
130
100
: 20
L 20 0
& 190
E 100
o 0 - Figure 16. Daily primary produc-
g 0 250 tion measured in on-deck incu-
200 bation bath from July 1973 to
150 June 1974.
—1 100
50
200 : 0
150 — —
100 — ]
L ||

FAS O N DITF M oA M
1973 1974

49



Production at station Cl was inconsistently low. Depth at this station
is 10 m at mean low water. Therefore, integration to 25 m could not be made
at this station and comparison with deeper stations is not realistic.

In-situ profiles provided information on vertical variation-with-depth
in the euphotic zone. Productivity was measured at 10 depths at station B3.
Four-hour in-situ incubations were evaluated for rate of primary production,
and values were converted to mg c/m3/hr. Values ranged from undetectably low
levels at the compensation point to 41 mg C/m3 in the most productive portion
of the euphotic zone. The euphotic zone was approximately 25 m deep, al-
though it varied from 20 to 30 m. Surface productivity values were 80% of
the 1-m values. It appears that light inhibition of photosynthesis accounts
for this phenomenon (Marshall and Orr, 1928; Jenkins, 1937; Steeman-Nielsen,
1951). Maximum productivity took place at depths of 1-3 m where the range
was 1-41 mg C/m3/hr. Light intensity through this interval was 35-58% of the
surface intensity (I,), and maximum carbon fixation occurred at 58%.

Geographical variation in primary productivity among the Massachusetts
Bay grid stations was evaluated by C-14 method at the primary stations and by
chlorophyll concentration for all other stations. An estimate of annual
primary productivity was calculated by combining the data from July 1973 to
June 1974 at each station. Daily productivity values were calculated in the
same manner as in-situ values. Carbon fixation as mg c/m2/day was integrated
over sample dates during this l-yr period and an annual production estimate
- was obtained. The values cbtained in this manner correspond with those
measured in situ at station B3. The estimate of annual phytoplankton carbon
fixation by C-14 method was 230 mg C/m2/yr.

Variations among the Massachusetts Bay grid stations show a trend of
decreasing annual primary productivity with increased distance from shore.
In addition, maximum production was observed on the southern side of the grid
and a more gradual reduction toward the north was observed. The resultant
distribution shows that inshore stations and those located in the south-
western area of the grid have the highest primary productivity. Offshore
stations and those located toward the northeast showed lowest annual primary
productivity. In general, productivity was reduced by approximately 40%
along a transect from station C2 to station A4 (fig. 17).

Decreasing annual primary productivity in a seaward direction has been
previously reported by Ryther and Yentsch (1958) and Mandelli et al. (1970)
for the New York coastal region. Ryther and Yentsch suggested that the
increased productivity was due to a more active nutrient regenerating mechan-
ism in these shallow coastal waters, probably aided by storms and other mix-
ing processes.

Addition of nutrients to coastal water appears to stimulate algal

growth. Station C2 located near the proposed mine site shows highest chloro-
phyll-a concentration and primary productivity reported for the study area.
The annual primary productivity estimate at this station was 340 mg C/m2/yr,
which suggests that this region is highly eutrophic. -Because of the drainage
pattern the northeastern and northern sections of the grid are least affected
by harbor water and nutrient enrichment. These stations had lower chloro-
phyll-a concentrations, deeper euphotic zones, and lower primary productivity.
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In general, it appears that the ebbing tide carries a large volume of
nutrient-rich water through narrow channels into the western margin of
Massachusetts Bay. Progressive nutrient dilution with bay water distributes
nutrients in decreasing concentrations seaward. Long shore currents and the
Coriolis force deflect the water to the south. Primary productivity is also
decreased in a seaward direction. However, in such a complex system many
factors are likely to be responsible for the spatial variation in the bio-
logical parameters of the study area. The Merrimack River contributes more
than 90% of the fresh water to Massachusetts Bay.

Discussion

Phytoplankton impacts from marine mining activities are classified as
either site-specific or non-site-specific. Analyses of species composition,
distribution, and abundance of phytoplankton populations in the Massachusetts
Bay impact area revealed considerably more variability from station-to-
station analyses than from diurnal analyses at a single station. These
station-to-station analyses have allowed an interpretation of the phytoplank-
ton developmental trends. For example, one can determine inshore-to-offshore
trends in the seasonal development of phytoplankton populations.

The proposed NOMES Massachusetts Bay test site appears to be located at
the center of a large gyre. It was also observed that the 16-station grid
could be separated into two reasonably discrete regions by a line drawn
through the center of the grid along a northeast to southwest axis, separat-
ing coastal phytoplankton populations from oceanic populations. Most of
these trends would have been missed had the sampling proceeded at a single
station over a 12-hr tidal cycle or along single transects drawn perpendic=-
ular to the shore. The grid design provided the best indication of plankton
dynamics in this portion of Massachusetts Bay and is highly recommended for a
future study of offshore sand and gravel mining.
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4.1.3 Turbidity Experiments

During Project NOMES, it had been intended to make use of the unique
aquarium complex at the University of California's Bodega Marine Laboratory
in Bodega Bay, California (Davis and Nudi, 1971), in order to study the
effects of suspended sedimentary particles on certain marine organisms. NOAA
had funded the fabrication of most of the facility prior to Project NOMES,
and it was hoped that studies of organisms analogous to those of Massachu-
setts Bay would reveal the reasonableness of extrapolating findings of such
studies.

Following the .termination of Project NOMES in 1973, the proposed re-
search was redirected to include tests on estuarine organisms and was co-
funded by NOAA and the San Francisco District of the U.S. Army Corps of
Engineers. This work was reported elsewhere in detail (Peddicord et al.,
1975). Therefore, only a brief summary is included here.

Experiments with varying levels of suspended sediment were conducted on
both marine and estuarine organisms. The former were collected from Bodega
Bay, and Bodega Harbor (about 100 km north of San Francisco Bay) furnished
the estuarine organisms.

Twenty~four 84-{ aquariums were arranged either in three sets of eight
or four sets of six to permit simultaneous replication. an open circuit
permitted a once-through flow of .particles and water, in the desired propor-
tions, every 4 to 6 hr. Suspended sediment concentration, temperature,
salinity, and dissolved oxygen were monitored and controlled; pH was moni-
tored but not controlled. ‘

Initial tests were conducted with suspended particles of kaolin, a
"pure" clay; sensitive species were then exposed to bentonite, an “impure"
clay more representative of San Francisco Bay sediments. ~Table 20 lists the
test species.

Most exposure tests were conducted for 10 days, to simulate dredging
operations in San Francisco Bay. Mortality was analyzed every 8 hr and LC50,
20, 10 estimates were made. From that information, time-concentration curves
were developed (e.g., fig. 18).

The conclusions reached were as follows:

1) The lethal concentration of suspended bentonite was much lower for
2= to 3-cm=long bay mussels Mytilus edulis than for large mussels. Survival
was reduced significantly by increasing suspended bentonite concentrations,
with the effect exaggerated at summer temperatures. Survival was greater at
saturated dissolved oxygen than at 5 ppm or 2 ppm, but little difference was
apparent between the reduced levels. The short-term oxygen consumption of
M. edulis in suspensiong of bentonite was inversely correlated with concen-
tration. The same experimental combinations of suspended bentonite, tempera-
ture, and dissolved oxygen, eventually causing death in M. edulis, also
-resulted in loss of byssal attachments, but after much shorter exposure
times. Such loss may be an early and sensitive indicator of effective death.
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Table 20. Bodega Marine Laboratory Test Species

Kaolin Tests

Strongylocentrotus purpuratus b= Sea Urchin
Crangon franciscorum - Bay Shrimp
Pagurus hirsutiﬁsculus - Hermit Crab
Sphéeroma pentodon - Snail

Nassarius obsoletus

Tapes japonica

Molgula manhattensis - Tunicate

Styela montereyensis - Tunicate

Mytilﬁs californianus - Mussel
Ascidia>ceratodes - Marine tunicate
Crangon niéromaculata ‘ - Spot-tailed sand shrimp
Palaemon macrodactylus - Euryhaline shrimp
Cancer magister (5 cm) - (Commercial) crab

Kaolin & Bentonite Tests

Mytilus edulis (2;5 cm & 10\cm) - Blue bay mussel

Crangon nijricauda (3-5 cm) - Sand shrimp

Anisogammarus confervicolus -~ Amphipod

Neanthes succinea ' - Polychaete

Parcphrys vetulus - English sole

Cymatogaster aggretata (6-8 cm) - Shiner perch

Morone saxatilis - Striped bass (fingerlings)
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Figure 18, Time-concentration mortality curves for 6-8.5 cm
sand shrimp Crangon nigromaculata at 10°C and with satu-
rated dissolved oxygen. Experiment was conducted with six
suspended kaolin concentrations from 10 gm/% to 100 gm/%.

Mussels that became detached and fell to the bottom would also be susceptible
to covering by sedimentation, particularly near a dredging operation that
created suspended solids high enough to cause detachment initially.

2)  Under conditions of low temperature and saturated dissolved oxygen.
survival of 3- to 5-cm sand shrimp Crangon nigricauda was high, even in high
concentrations of suspended bentonite. Survival was reduced by summer temp=-
erature, even at saturated oxygen levels. Decrease in dissolved oxygen from
saturation to 5 ppm dramatically reduced the tolerance to suspended benton-
ite.

3) Fingerling striped bass Morone saxatilis were killed at lower sus-
pended bentonite concentrations than were any of the invertebrates tested.
Survival varied inversely with suspended bentonite concentration and directly
with dissolved oxygen and temperature. - These factors were shown to interact
in a complex, nonadditive manner to reduce survival.

4) The test organisms most sensitive to suspended bentonite were 6= to
8-cm shiner perch Cymatogaster aggregata. As with M, saxatilis, increasing
suspended bentonite concentration and decreasing dissolved oxygen and temper-
ature combined in a complex manner to reduce survival. The slightly lower
mortality of both species of fish at higher temperature was in contrast to
all the invertebrates.
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5) In none of the experiments did the 10-day LC50, LC20, or LClO
values bear any predictable mathematical relationship to one another. This
illustrates the necessity for studying the tolerance of the most sensitive
members of a population.

6) Tolerance to suspended bentonite seemed to be correlated with
normal habitat of the organisms, but no phylogenetic correlations were appar-.
ent. No species living primarily in close association with mud bottoms was
found to be sensitive. All sensitive test species were either invertebrates
occurring predominantly on sandy bottoms or in fouling communities, or fish
not intimately associated with the bottom.

7) The results indicate that the biological impact of high concentra-
tions of suspended solids would be less severe in winter than in summer. The
typically higher dissolved oxygen levels would increase the survival ability
of all species studied. Low temperatures would increase the suspended-solids
tolerance of the invertebrates, but slightly decrease that of the fish.
However, this slight reduction would likely be offset by the increased toler-
ance at high dissolved oxygen levels.

8) The primary emphasis of this study was mortality of adult macro-
fauna. It cannot be overemphasized that low mortality of adults in 10 days
does not imply the absence of ecologically significant effects. Reduced
reproductive success, in terms of spawning adults, eggs, larvae, or juve-
niles, may be of greater ecological importance than the death of part of the
existing population.

4,2 Geological Oceanography

This section discusses the characteristics of the seafloor in the test
area, stratigraphy of the upper strata as revealed through subbottom pro-
filing, and sediment properties based upon analyses of vibracores. A prime
objective of Project NOMES was a consideration of the potential of test
mining to release trace metals or other pollutants to the water column.
Additional objectives included the delineation of the deposit in adequate
detail to assure that it was commercial in character and that a prediction
could be made as to the nature of the discharge plume at the point of dis-
charge from the hydraulic dredge.

4.2.1 Bathymetry

The bathymetric measurements obtained during subbottom profiling, which
are discussed later, revealed an irregular bottom topography with NNW.-
trending ridges interspersed with circular and eliptical depressions (fig.
19). The area to be excavated during the planned test mining (shaded area in
fig. 19) had a relief of 3.4 m and so was considered a realistic choice for
operation of the hydraulic dredge.

The shape of the seafloor is characteristic of an area that has experi-
enced glacial scouring and sediment deposition, as well as post-glacial
stream channeling and subsequent modification of bottom contours by advancing
post-glacial seas.
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Figure 19. NOMES Project area and area of planned test mining.
Contours in enlarged section show water depths in meters,
referenced to high water.

56



4,2.2 Stratigraphy

A pre-NOMES survey conducted for the Massachusetts Division of Mineral
Resources in early 1972 located the NOMES sand and gravel deposit through
subbottom profiling, side-scan sonar, and two 12-m vibracores. In August
1972, 37 additional subbottom profiles were run, and 31 4-m vibracores were
drilled in the vicinity of the deposit, Figures 20 and 21 show the locations
of the core sites and subbottom profile tracklines.

For the purpose of identifying those areas within the NOMES deposit that
offered characteristics with the best potential for test mining (i.e., thick-
ness of aggregate, ‘commercial quality of sediment, water depth at mean high
water, and distance to glacial till outcroppings) three sediment distribution
maps were prepared: surficial, subsurface (-1.5 m), and subsurface (-3 m).
Core analysis data, reported below, augmented the geophysical records in the
preparation of the maps. :

The surficial. sedlment map (fig. 22) was produced from subbottom pro-
filing records, core sample analyses, and information from television obser-
vations, as well as diver samples and observations. Classification of sedi-
ment types was based on the scheme shown in Table 21, which was modified from
a system in use in the Gulf of Mexico (Louisiana Wild Life and Fisheries
Commigsion, 1971). From figure 22 it can be seen that the seafloor in the
test site area consists of a patchwork of mixtures of sand, gravel, mud, and
glacial till.

Table 21. Sediment Classification

% Gravel % Sand % Mud
Gravel 75 - 100 0 - 25 | 0 - 25"
Sandy Gravel 33.5 =175 12.5 - 50 0 - 33.5
) Muddy Gravel 33.5 - 75 0 - 33.5 12.5 - 50
Sand 0-25 75 - 100 0 - 25
Gravelly sand 12,5 - 50 "33.5 - 75 0 - 33.5
Muddy Sand 0 - 33.5 33.5 - 75 12.5 - 50
Mud 0 - 25 0 - 25 75 - 100
Gravelly Mud 12.5 - 50 0 - 33.5 33.5 = 75
Sandy Mud 0 - 33.5 12.:‘3 -~ 50 33.5 - 75
Till Mixture of boulders, cobbles, gravel, sénd, mud
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Figure 20. Locations of the vibra- Figure 21. Ship tracks of the sub-
cores taken in the NOMES site for bottom profiles.

NOAA (4-m) and for the Massachu-
setts Division of Mineral Resour-
ces (12-m).

The sediment distribution 1.5 m beneath the seafloor (fig. 23) is simi-
lar to that of the seafloor in that sandy gravel and gravelly sand are still
distinct; also the muddy area remains in the northeast corner of the deposit.
The overall size of the degposit is smaller, however.

The sediment distribution 3 m beneath the seafloor (fig. 24) shows a
greatly diminshed area of sandy gravel. The extent of glacial till, which
underlies most of the test site area, becomes more evident.

The subbottom profiling records, coupled with the core analyses, permit-
ted an estimate of the thickness of the area to be mined (fig. 25). It ap-
peared that the deposit contained over 5 million cubic meters of sand and
gravel, considerably more than the three-~quarter million planned for excava-
tion during the mining test.

Although the main interest in the stratigraphy of the NOMES area was the
upper few meters, the subbottom profiling records revealed several distinct
formations: Carboniferous Cambridge argillite, undifferentiated Pleistocene
glacial drift, two Pleistocene marine "clays," and Holocene sand and gravel
(fFig. 26). The section lines used to develop figure 26 are shown in figure

27.
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Figure 22. Surficial sediment Figure 23. Subsurface (-1.5 m)
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Figure 24. Subsurface (-3 m)
sediment distribution in
NOMES Project area.
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Figure 25. Aggregate isopach map of the experiment area
(deposit contoured in meters).

The Cambridge argillite outcrops on several Boston Harbor Islands and is
believed to underlie the NOMES area as bedrock. It is overlain by Pleisto=-
cene glacial till, a heterogeneous mixture of boulders, gravel, sand, silt,
and clay ranging in thickness from a thin veneer to nearly 30 m. Two marine
clays, separated by an erosional uncomformity, overlie the glacial till.

The "NOMES deposit" appears to be a gradational feature resting on, and
yet geologically part of, the upper marine clay.

4.2.,3 Core Analyses

Of the 31 cores acquired by vibratory coring (fig. 20), 10 were selected

for detailed laboratory characterization. Mineralogy, chemistry, and trace
metal properties were examined.
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Mineralogy

The general appearance of the -10, +230 mesh material from several
strata of all 10 cores was similar; therefore, only a single description isg
-glven. The particles were subrounded to subangular. The predominant min-
erals and their percentages were as follows:

Feldspar, 25-30% (Primarily plagioclase and
some orthoclase)

Quartz, 20-30% (50% clear-to-milky, and
50% stained dull yellow)

‘Hornblende, 15-20%
Mica, 5-10% - (Biotite and muscovite)

In addition, the minor minerals included some opaques, garnet, tourma-
line, and possibly olivine. There were a few rock fragments that appeared to
be granitic grains, The organics included about 5% shell fragments plus

Foraminifera tests.

The predominant -230 mesh mineral was quartz.
Sedimentological characteristics are not included in this report but

generally reveal what we would expect from a heterogeneous glacial deposit:
very poorly sorted sediments.
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Chemistry

Chemical analyses of the sediments to be disturbed by test mining were
examined to learn something about their pollution potential. The -230-mesh
size range was of special importance because, even though it constituited only
32 of the deposit, it is the size that would overflow the hydraulic dredge to
form the particulate component of the discharge plume.

Morphological description, depth, and color are given for each core
stratum in Table 22,

Moisture determinations. These results were used only for correcting
moist sample weights to dry weights. The values averaged about 30% for the
-230-mesh material. :

sulfide analyses. The easily available sulfide concentrations found in
all of the samples were below 2 mg/kg. These samples have very low values
compared with sediments from other sites along the New England coast where it
is common to find one hundred to five hundred times this concentration.
Since sulfides are stable only under strongly reducing conditions (JBF Scien-
tific Corp., 1973), it was concluded that the strong currents and extensive
mixing in Massachusetts Bay prevent such anoxic conditions at the water-
sediment interface, at least in the area sampled. Consequently, the release
of heavy metals from both inorganic and organic sulfides would not appear to
be a serious problem when the discharge plume enters oxygen-rich surface
waters.

Total phosphorus analyses. The phosphorus concentrations in the -230-
mesh material were also very low. All values were below 10 mg/kg except for
the top layer of core 9-I-1, where a value of 14 mg/kg was found. Apparently
the small concentrations of well-stabilized organic matter contained very
little phosphorus, and the clay and silt mineral fraction in this area also
was relatively low in phosphorus. This observation is compatible with the
fact that the predominant -230-mesh mineral was quartz.

Extractable metals. The concentrations of 0.1N HCl-extractable major
and minor metals are shown in Table 23. The major metal concentrations have
been, corrected by subtracting the amounts contained in the residual moisture,
assuming it had the same composition as the free pore water.

Examination of the results for the major metals shows that certain cores
contained very large concentrations of dilute acid-soluble calcium. These
were later shown to be largely from aragonite.

Mercury. Only four -230-mech samples were analyzed. Three samples were
from surficial strata of individual cores, and one was a combination of sur-.
ficial strata from two cores. The analyses were performed both at the Uni-
versity of New Hampshire and at the U.S. Bureau of Mines. The average con-
centration found was 0.20 ppm, which is quite normal in view of the estimated
lithospheric abundance of 0.5 ppm. The data are summarized in Table 24.
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Table 22. Chemical Analyses of Core Strata

(a)

Stratum

Depth

Number (Inches)

Color

(b) (c)

=230 COD Organic
Description Mesh (g/kg) Carbon
(%) (%)

CEC(d)

(meq/100g)

sulfide
{mg/kg)

Phosphorus(

(mg/kq)

,oila

g)

Grease
(ng/kg)

7-1-2-1-1 "

7-1-2-2-1

7-1-2-2-2

7-1-2-3-1

7-1-2-3-2

T=1=2=4-1

7-1-2-4-2

7-I-2-4-3

7-1-2-5-1

7-K-1-1-1

7-K-1-1-2

7-M-1-1-1

7-M-1-1-2

Tebi=1=1~3

8-I-1-1-1

8-I-1-1-2

8-1-1-2-1

8-I-1-2-2

8=I-1~2=3

0~20

20-37

37-44

44-54

54-70

70-80

80-85

85-102

102-132

13-29

30-39

39-50

50-60

2.35YN/4

2.5YN/4

2.5YN/4

2,5YN/4

2.6YN/2

5Y5/2

5Y5/2

5y5/2

5¥5/2

5Y4/2

5v4/2

5Y5/2

5¥5/2

S5Y5/2

v
2.5YN/4

5Y5/1

5Y5/1

5¥5/2

2.5¥5/2

2.5Y5/2

Core 7-I-1

Sand-fine to medium 3.54 30.8 1.15
coarse.

Gravel-to 1.5 inches.

Shell Fragments-very

coarse.

Fine sand-no gravel.

Fine sand & %15% 0.75"
gravel.

Coarse sand & "13% clay.

Fine gravel & A10% clay.
Becoming gravelly to
0.5". «

Clay layer with inter-
mittent, discontinuous
sand lenses.

Medium fine sand.

Clay layer with inter- B.6 0.32
mittent, discontinuous
sand lenses.

Clay layer with inter-
mittent, discontinuous
sand lenses.

Core 7-K-l(a)

Fine sand. 4.40 30.7 1.15

Coarse sand and gravel
to 2". Gravel beconing
very coarse to 3". (Ex-
cellent fill material.)

Core 7-M-l(a)
Fine sand with few 3.1 26,2 0,98
shells. Becoming

. coarse sand.

Coarse sand and gravel
to 0.75"; well graded.

Coarse gravel to 2.5";
very well graded.
Small amount of clay.

Corxe e—t-l(a)
Fine sand and shell 4.50 36.3 1.36
fragments.

sand and gravel to 2".
Well graded; sand
becoming coarse.

Sand and gravel to
1.5". Well graded. Some
shell fragments.

Fine sand and shell 33,9 1.27
fragments.

Becoming gravel to 2".
Shell fragments to 0.5".
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61.4

62.0

32.0

24.9

27.4

15.4

20.5

11.0

11.3

43.1

26.0

49.9

41.4

25,2

53.6

61.2

57.1

68.5

$6.3

<0.05

<0,05

1.2

1.9

<50

<50

<50



Table 22. (Continued)
r (@)
0il &
Stratum Depth ~230 CDD(b) Organic(C) CEC(d) Sulfide(e) Phosphorus(f) Grease
Number {Inches) Coler Description Mesh  (g/kg) Carbon  (meq/100g) (mg/kg) (mg/kg) (ng/xg)
(%) %)
Core B-K—l(a)
8-K-1-1-1 0=-11 5Y5/2 Well graded sand and 4.12 44.7 1.68 50.4 0.15 2.4 -
gravel to 2",
B-K-1-1-2 11-22 5Y4/1 Gravel as above but 32.5
sand becoming finer.
8-x-1-2-1  22-41  2.5YN/4 Medium coarse sand and 27.5
gravel to 2", Fine sand
layers of 2-3" with
small shell fragments and
slight celor change from
light to dark gray.
Core G-M-Z(a)'
8-M-2-1-1 0-18  5Y4/2 Sand and gravel to 0.94 55.3 2,07 61.3 0.36 2.0 <50
1.5", well graded,
B-M-2-1-2 18-40  2.5Y¥4/2 Sand with 10-15% gravel 34,0
and large shell frag-
ments.
8-M-2=-2-1 40-74 2.5¥4/2 Very coarse sand-no 65.0
gravel-large shell
fragments.
8-M-2=-3-1 74-84 2,5¥4/2 Considerable clay 37.2 1.40 17.0 1.8
and silt
8-M-2-4-1 84-110 2.5¥4/2 Silty clay. 29.9 1.12 15.8 0.84
Core B-O—I(a)
8=0~1~1-1 0~28 5Y6/2 Excellent sand and 2.30 14.7 0.55 35.0 0.48 0.90 <50
gravel te 2.5".
Well graded.
~
core 9-1-1%)
9-1-1-1-1 2-38 5Y5/1 Fine sand and “25% 5.00 33.6 1.26 57.7 0.34 14. <10
gravel to 1.5". Heavy
shell fragments.
9-1-1-3-1 38-45 2,5¥YN/5 Silty clay and fine 28.6
sand.
Core lO—G—l(a)
10-G-1-1-1 0-10 5Y5/1 014 beach sand. 2.32 17.1 0.64 30.3 1.4 2.5 -
10-G-1=1-2 10-18 5v5/1 Coarse sand and 30.0
gravel to 1.5".
Well graded.
Core 11—E—l(a)
11-g-1-1-1 0-23  2,5¥N/4 Clayey sand and ~20% 14,7 17.5 0.66 54.0 0.37 1.5 <5
gravel to 1.5" with
shell fragments.
Changing to less gravel.
11-E-1-2-1 23-83 2.5YN/5 Very stiff silty clay 11.8
with occasional fine
sand lenses.
(a) All results based on oven dry weigﬁt (103°-105°C)
(b) Chemical Oxygen Demand of -230 mesh material.
(c) Calculated from COD results. .
(d) Cation Exchange Capacity of =230 mesh material. These results are high in some cases. See text.

(e) Based on "grab"

samples taken prior te screening.

{£) Total phosphorus after destruction of organic matter-~based on -230 mesh material.
(g) FPreon extractable from -230 mesh material.
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Table 24. Mercury Content of Four -230 Mesh Sediments

Sample Parts Per Million Mercury
UNH U.S. Bureau of Mines Average
7-I-2-1-1 0.41 0.37 0.39
7=-M=1=1-1 0.13 0.11 0.12
g-I-1-1-1
> 0.23 0.19 0.21
8~0=-1-~1~-1
11-E-1-1-1 0.08 0.11 0.10

0il and grease. During the test mining, a large amount of "Never-Seez"
lubricant was to be used. The organic pocrtion of this lubricant was found by
infrared analysis to be a simple aliphatic hydrocarbon. The inorganic por-
tion was primarily an aluminum silicate with small amounts of copper, zinc,
and other trace metals present. A "tool o0il" was also expected to be in use.
Infrared analysis of this oil indicated that it was also primarily a simple
aliphatic hydrocarbon. Both of these materials would be readily recovered by
the 0il and grease extraction procedure, and therefore any large increase
during dredging would be detected.

The baseline levels found in the surficial sediments were extremely low,
showing no significant o0il and grease present prior to mining.

Chemical oxydgen demand. The concentrations reported in Table 22 show
very low values, characteristic of stable sediment uncontaminated by signifi-
cant amounts of fresh organic matter such as sewage. As expected, the
highest concentrations were found in the surficial strata. The empirical
conversion to percent organic carbon yielded only one value as high as 2%,
and this is still very low for -230-mesh material. Obviously these sediments
would not contribute heavy burdens of unstable (decomposing) organic matter
to the water column if they were discharged at the surface.

Cation exchange capacity. In spite of experimental difficulties with
this analysis, it can be said that values are highest where the calcium con-
centrations are highest, although the values are inaccurate because of ara-
gonite dissolution. Where the calcium concentrations are low, the values are
in the range of 10-30 meg/100 g. Such values do not suggest that the dis-
charge plume would have an inordinately large adsorptive capacity that could
promote a deficiency of dissolved nutrients in the water column.
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X-ray diffraction analysis. Material from cores 11-E-1 and 7-I-2 were
analyzed. Comparison of the spectra from the samples saturated with ethylene
glycol with the spectra of the nonsaturated samples indicated that the clay
was a nonexpanding clay. The major components of the substances in all core
samples were quartz, illite, and unweathered feldspars.

The 7-I-2-1-1 core material was analyzed because of the need to deter-
mine if the large amount (3.7%) of calcium was from aragonite. Here a prob-
lem was encountered, arising from the near coincidence of the three strongest
lines of aragonite with two lines of quartz and one of illite.

The line at 26 = 33,18°, 4 = 2,700 is characteristic of aragonite but
not quartz or illite. However, this line alone is not sufficient to identify
aragonite. Slowing the scan speed to 0.2°/min allowed the two aragonite
lines at 26.24° and 27.25° to appear as shoulders on the quartz 26.66° and
illite 26.77° lines, which were not resolved. That these shoulders are due
to aragonite was shown by a slow scan in this 26 region of sample 11-BE~1-2-1,
which has a low amount of calcium. WNo shoulders appeared. A slow scan from
33.00° to 33.50° also showed the absence of the 33.18° aragonite peak that is
present in the 7-I-2-1-1 spectrum. It was concluded that aragonite was
present in core sample 7-I-2-1-1.

Pesticides and polychlorinated biphenyls. A summary of the compounds
found and the detection limits for the method is given in Table 25. On the
basis of these data, we conclude that the levels of chlorinated hydrocarbon
pesticides and PCB's are very low and the discharge plume would not contri-
bute hazardous amounts of these substances to the water column.

Trace metals

The concentrations of dissolved trace metals in seawater are known to be
affected by interactions with suspended particles of sediment, such as would
be present in a hydraulic dredge discharge plume. KXrauskopf (1956) showed
that copper, zinc, and lead are adsorbed more strongly than other metals he
studied. He concluded that adsorption processes are of great importance in
controlling trace metal cdncentrations in seawater.

Two types of environmental effects could be associated with mining by
hydraulic dredge: initial agitation of the sediments could release trace
metals to the marine environment; and trace metals could be adsorbed by
particles in the discharge plume. Investigations were conducted into both
areas of concern, using the -230-mesh size range expected to occur in the
discharge plume.

Before attempting any investigation of the adsorptive properties of the
bulk sediment, an experiment was conducted to determine if the trace metals
were desorbed while being agitated in seawater. This experiment was con-
ducted at both 20°C and at 4°C, to simulate surface water and bottom water
temperatures respectively, using a concentration of 15 g of -230-mesh sedi-
ment per liter of seawater. Agitation was accomplished with magnetic stir-
.ring. After 3 hr, the seawater was separated from the sediment by filtra-
tion. The concentrations of Cu, Pb, Ni, Co, Cd, and Zn were determined in
each filtrate and in a portion of the same seawater used for the experiment.
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Table 25. Concentrations of Chlorinated Hydrocarbon Pesticides and
Polychlorinated Biphenyls in Several Surficial Core Samples**

Concentration Concentration

Depth (Parts Per (Parts Per
Sample (Inches) Pesticide Billion) PCB Billion)
7-I-1-1-1 0-8.5 pp'DDT 4.1 Aroclor 41
pp 'DDD 0.22 1260
pp'DDE 1.7
_op'DDT 0.24
7-K-2-1-1 0-3 pp'DDE 0.26 * *
8-I-4-1-1 0-20 None . * *
detected
8-M-1-1-1 0-24 pp 'DDT 0.43 * *
pp'DDD 0.18
pp'DDE 0.69
8-0-4-1-1 "0-24 pp'DDT 0.27 Aroclor 13
pp'DDD .25 1254
pp'DDE 1.5
op'DDT 0.24
10-6-3-1~1 0~20 None * *
detected

* Evidence that these samples contain Aroclor 1254 near the
detection limit of 10 parts per billion.
**  The estimated de